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VotumE 8, 1923 


Page 165, line 11, for “1922” read “£1923.” 

Page 165, line 20, for “1919” read “£1909.” 

Page 167, line 14, for “190” read ‘‘1909.” 

Page 170, table 1, column 7, for “Brown” read ‘‘ Blackish-brown.” 

Page 172, table 2(C), column 2, No. 13, for “5” read “4.” 

Page 173, table 2(E), total, for “174” read “172.” 

Page 176, line 8, for ““B for the color” read ‘‘B for the blackish-brown 


color.” 1 2 
Page 176, line 2 from bottom, for a read i 


Page 176, last line, for “ps ps JB Ib” read “ps ps Ib Ib.” 

Page 329, line 25, for ‘‘the ratio of 3 normal-colored to 1 brown egg”’ read 
“only normal-colored eggs.” 

Page 532, line 12, for “‘FREYER’’ read “FRYER.” 

Page 536, line 4, for “‘FREYER”’ read “FRYER.” 

Page 536, line 39, for “‘FREYER” read “FRYER.” 

Page 537, line 2, for “‘FREYER” read “FRYER.” 

Page 537, line 5, for ““FREYER” read “FRYER.” 

Page 537, line 23, for “‘FREYER” read “FRYER. 

Page 537, line 24, for ‘‘FREYER”’ read “FRYER.” 

Page 537, line 25, for “‘FREYER”’ read “FRYER.” 

Page 537, line 30, for “‘FREYER”’ read “FRYER.” 

Page 547, line 11, for ‘‘FReYER”’ read “FRYER.” 

Page 550, line 23, for ‘‘FREYER” read “FRYER.” 


” 


. 
| 


WILHELM LUDWIG JOHANNSEN 
(FRONTISPIECE) 


WILHELM LUDWIG JOHANNSEN was born in Copenhagen on February 3, 
1857, and died there November 11, 1927. He was the son of an officer of the 
Danish Army, Colonel Orto JoHANNSEN, who belonged to a Schleswig fam- 
ily which had given many members to the Danish Civil Service. In 1872 
WILHELM left the Realschule in Elsinore, where his father was then sta- 
tioned, and entered an apothecary’s shop as an apprentice, passing the 
Gehiilfenexamen four years later. After practicing his profession in Denmark 
and Germany for several years he took the State’s examination in Pharmacy 
at Copenhagen in 1879. In 1881 he became an assistant in the chemical divi- 
sion of the CARLSBERG LABORATORY, working under the famous chemist 
JOHANN KJELDAHL, and became inclined more and more toward a career in 
pure science. He published his first scientific contribution in 1883 entitled 
“Om de saakaldte Glutenceller” in the “MEDDELELSER FRA BOTANISK FoRE- 
NING.” The years spent at the CARLSBERG LABOTATORY were rich in scientific 
work. He began then his important studies on the changes occurring during 
the ripening and germination of plants and was conducted into studies on 
the effects of narcotics on the resting period. These studies resulted in 1893 
in his discovery of a method of breaking the resting period at an earlier time 
than normal by means of ether. 

In 1888 JOHANNSEN left the CARLSBERG LABORATORY and for nearly five 
years, while waiting for the establishment of a Lectureship in Plant Physi- 
ology at the Landwirtschaftlichen Hochschule in Copenhagen, he resumed 
his student life in foreign universities, working with PFEFFER at Tubigen and 
at Darmstadt, Zurich and Vienna. He received the lectureship in 1892 and 
in 1903 was made a full Professor. In 1905 he was called to succeed his for- 
mer teacher PEDERSEN as Professor of Plant Physiology and Director of the 
Institute of Plant Physiology at the UNIVERSITY OF COPENHAGEN. 

JOHANNSEN published his last original contribution in Plant Physiology 
in 1897, a large book, “‘On the antagonistic effects of the change of matter, 
especially during ripening and rest.’’ The previous year his first genetic 
paper had appeared, a short popular summary “On heredity and varia- 
bility.” He started his experimental investigations on barley and beans in 
1898 and in 1903 his classical paper “‘Erblichkeit in Population und in reinen 
Linien” appeared. From this date on JOHANNSEN concentrated his entire 
interest on problems of Genetics. 

JOHANNSEN was the first to show the difference in the effects of selection 
upon a general population ard within a “pure line.” In the former case 
the selection can alter the proportion of the several types in the population 
and, if conditions of reproduction are satisfactory, can isolate different “‘pure 
lines.’”’ Within the “‘pure line’, however, the ancestral regression is complete 
and selection has no further effect. This paper, appearing the year that MEN- 
DEL’s work was rediscovered, greatly stimulated interest in the problems of 
heredity. In the next few years JOHANNSEN concentrated his attention upon 
expounding his principles rather than upon experimental investigations and 
wrote his well-known text book ‘‘Elemente der exakten Erblichskeitslehre,” 
the first edition appearing in 1905, the second in 1913 and the third in 1926. 
This text book well illustrates JoHANNSEN’s personal evolution. In the first 
edition he lays emphasis mainly upon the “pure lines;” later on the Mende- 
lian crosses; and only still later did he turn to the importance of cytology 
for the understanding of Genetics. 

In 1912 JoHANNSEN lectured in the United States. In his later years he 
became interested in historical problems. To this period belongs his book 
“‘Arvelighed i historisk og eksperimental Belysning,” 1918. 
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INTRODUCTION 


The study of polymorphism in butterflies opens up problems of great 
interest to the student of evolution and heredity. The different varieties 
of a polymorphic species that are differentiated by genetic rather than by 
environmental factors may represent, as DARWIN long ago pointed out, 
possible incipient species. Such variations are now generally believed to 
have arisen, not by a long process of natural selection of minute changes, 
but by a comparatively simple and direct process of mutation involving 
very few genetic changes. 
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These variations in butterflies are in many cases sex-limited, or, to use 
GOLDSCHMIDT’s term, sex-controlled. They depend upon hereditary 
factors the effects of which are realized in only one sex, which in the cases 
thus far studied in Lepidoptera is the female, though dimorphism in the 
male is known to occur (Lycaenidae, Arctiidae). 

Studies upon sex-limited characters show that the differentiating 
genes, though determining the coloration of the female only, are trans- 
mitted, not by sex-linkage in “criss-cross” fashion, but equally by both 
sexes, like any other -non-sex-linked character. The phenotypically 
uniform male carries and transmits to both sexes of his offspring the 
determiners of one or another of the different types of female. 

Cases of sex-limited dimorphism in the female are not infrequent among 
Pierid butterflies, and, so far as I have investigated them, they corre- 
spond genetically in all essential respects to the polymorphism of the 
tropical Papilios with three types of female. In addition to the ordinary 
yellow (or orange) female in several species of Colias, a white variety 
occurs. This is true not only of Colias philodice and C. eurytheme, which I 
have bred exténsively, but also of C. interior and C. christina, in America, 
C. edusa, C. myrmidone, C. hyale and other palearctic species. It is true 
also of the closely related Terias lisa of our southern states. 

In certain species of arctic or sub-arctic distribution, such as C. interior, 
the white variety is said to be more common than the yellow, while in 
other species (C. scudderi and C. pelidne) all females are white. In C. 
philodice and C. eurytheme, however, the white variety is much the rarer, 
though in restricted localities in New England and New York the two 
forms of the female philodice are said to be about equally abundant. 

Nearly every summer and sometimes a part of the following winter, for 
thirteen years, I have bred the white female variety of C. philodice and 
that of C. eurytheme. Colias philodice, the common yellow clover but- 
terfly of the eastern and central northern states, furnished the material 
for study during the first and last seasons of the study (1908-1911, 1919- 
1922); C. eurytheme, the orange alfalfa butterfly of the western states in 
1913, 1914 and 1916; and hybrids between the two species in 1912, 1913 
and 1914. 

The same genetic phenomena are exhibited in the inheritance of this 
dominant female variation, white wing color, in both of these species and in 
hybrids between them. The white variety may be introduced into the 
species cross from either species, and its inheritance may be studied 
simultaneously with that of orange versus yellow. In 1912 I introduced 
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white into a species cross through the yellow male of C. philodice, in 1914 
through the orange male of C. eurytheme. Both were sons of white females, 
but their mates came from strains of the other species that were free from 
the hereditary factor for the white female coloration. 

The term albino sometimes applied to the white female is objectionable 
because the variation is not due to the lack of pigment, nor is it, like true 
albinism in mammals and birds, a recessive unrelated to sex. It is rather 
a dominant sex-limited color variation in the pigment of the scales that 
furnish the ground color of the wing. This pigment derived from uric- 
acid products that accumulate in the blood of the pupa (Hopkins 1906) 
is normally yellow or orange. The special features of the female wing 
pattern (broad, yellow-spotted black border, contrasted with the nar- 
row, unspotted border of the male pattern) are unaffected, only the 
ground color of the dorsal surface of the wings being atypical. 

Although white female coloration in C. philodice and C. eurytheme is a 
definite and pronounced discontinuous variation, it is suffused in many 
and indeed in most individuals with a slight, fluctuating tinge of yellow 
due to secondary factors. 

The recessive non-sex-limited variation in larval blood color, blue-green, 
which appeared recently in my cultures of C. philodice (GEROULD 1921), 
which prevents the appearance of a yellow element characteristic of 
normal larval skin color, pupal cuticula, the eye of the adult and the 
egg, is wholly independent of the yellow pigment of the wing scales. The 
genes determining white wing color and that producing the succession of 
changes in the life cycle just mentioned, react upon two different yellow 
pigments both of which are present in the blood of the normal larva and 


pupa. 
Terminology 


The term secondary sexual characters has been used in a broad sense 
to include not only those characters peculiar to individuals of either sex 
that are secondarily connected with reproduction, like clasping-organs, 
milk glands, brood-pouches and the like, but also many traits that serve 
no conceivable function connected with reproduction, like the color 
patterns and ground color of unisexually dimorphic butterflies. 

It has been suggested that the term secondary sexual character should 
be restricted to those traits and organs obviously connected secondarily 
with reproduction, like sex differences in genitalia and instincts. If that 
is done, sex differences not obviously connected in any way with repro- 
duction would naturally be called tertiary sexual characters. 
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In the present study, however, I have used the term secondary sexual 
character in the broader sense, as including these tertiary sexual, or 
sex-limited, characters. 

Unfortunately the term sex-limited has had a chequered history, having 
been applied loosely to several different things. Sex-linked characters, 
subject to “criss-cross” inheritance, shuffled from one sex to another in 
two successive generations, were for a time, especially in Europe, called 
sex-limited, a confusion which Morcan (1914) long since corrected. A 
character that shows sex-reversal of dominance, namely, horns in sheep, 
has been treated by WENTWORTH (1912, 1916) and others, as a typical sex- 
limited character. 

GOLDSCHMIDT and FIscHER (1922) have recently proposed the word 
“sex-controlled” as applying to the varieties of unisexually polymorphic 
butterflies, the factors for which are transmitted equally by either sex, 
though realized phenotypically only in one. While this term is not 
specifically descriptive, for sex-reversed dominance in sheep is of course 
also sex-controlled, it has the advantage of being free from confusing conno- 
tations and capable of serving as a technical term for this type of heredity. 

The genes for sex-controlled characters do not express themselves in 
the male in the cases thus far studied. Their development and hence their 
realization, is forestalled and inhibited by the development of the characters 
of that sex. They are latent in the male, patent in the female, sex-con- 
trolled in the sense of being concealed or revealed by the more funda- 
mental phenomenon of sex. In the present paper I use the term 
“sex-limited” as applying to unisexual polymorphism in the same sense 
that GoLDScHMIDT now uses the word “sex-controlled.”’ 
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PREVIOUS INVESTIGATIONS 


In an earlier paper (GEROULD 1911) I showed that the wild white female 
of C. philodice, at least in those localities from which my stock has come, 
invariably has been a white (yellow) heterozygote, producing, when mated 
with a male from a stock devoid of white females, equal numbers of white 
and yellow daughters. Thus white is dominant in the female. About 50 
percent of the sons of any white female, though yellow, are heterozygous 
for white female coloration. Hence yellow was then regarded as dominant 
in the male, and it was assumed that if white males should appear in ap- 
propriate cultures, as they do sometimes in nature, they would be the 
male recessives for this pair of factors. I now have evidence that this 
view was incorrect, that the white variation affects only the pigments of 
the female, and that the male, whether homozygous for feminine whiteness 
or for yellowness, or heterozygous for both factors determining female 
coloration, is constantly yellow. Male yellowness and color pattern, 
accordingly, are inherited quite independently of yellowness in female 
coloration, just as the male color pattern of the Papilios is inherited 
independently of the coloration of their polymorphic females. 

Thus the yellow sons of a white female represent the three possible 
classes of female coloration: (1) homozygous white, (2) heterozygous 
white, (3) recessive yellow. Matings of classes (2) and (3) with pure 
yellow (recessive) females were recorded in my earlier paper. 

The male heterozygous for white (class 2) mated to a pure yellow 
(recessive) female was found to produce white and yellow daughters in 
equal numbers; mated to a heterozygous white female the proportion of 
white daughters to yellow was not then found to be 3 : 1, as would be ex- 
pected, but 2 : 1, due to the absence in my cultures of homozygous white 
females, owing, as I believed, to a lethal reaction associated with this com- 
bination, comparable to that which eliminates homozygous yellow mice. 
Only by improving my methods of breeding, and after several years 
of experimenting, have I finally succeeded (in 1920) in securing from a 
mating of this sort a brood showing a definite, clear-cut ratio of three 
white females to one yellow, from which I have been able to select and 
breed for two successive generations a stock in which all the females are 
white. 

The male (class 3) homozygous for yellow female coloration, as I showed 
in my earlier paper, if mated to a yellow recessive female, produces only 
yellow recessive daughters; if mated to a heterozygous white female, equal 
numbers of white and yellow daughters. 


Genetics 8: N 1923 


| 


500 JOHN H. GEROULD 


The male homozygous for white female coloration (class 1) had not been 
bred in 1911, but in 1920, as just stated, I succeeded in breeding for the 
first time a family that contained in all probability 25 percent of homo- 
zygous white females and, accordingly, an equal percentage of males 
homozygous for white, though phenotypically yellow because they showed 
the epistatic male coloration. These males, homozygous for white, mated 
with their white sisters, homozygous or heterozygous for the dominant 
white female color, produced two successive generations of white females 
only. 

The only remaining combination, namely homozygous recessive yellow 
female xX male homozygous for white, ~which, of course, should also 
produce white daughters only, was made in 1920, but the resulting 
brood of caterpillars perished in hibernation. And on testing the only 
brood of all white females that came through the winter of 1920-1921, 
namely, brood e, by mating them in May 1921 with wild white-free males, 
I discovered that every one of the four white females that were tested 
was heterozygous for white (giving broods e, p, i, s) throwing equal 
numbers of white and of yellow offspring. 


INBREEDING HETEROZYGOTES; NARRATIVE OF EXPERIMENTS SINCE 1910 


Although it is a comparatively simple matter to breed large families 
from parents of the spring generation emerging late in June or early in 
July and to start from this early summer generation a set of families to 
eclose in August-September, it is most difficult to bring these latter fami- 
lies of caterpillars through to maturity. The polyhedral, or wilt, disease is 
the chief obstacle, which, even with constant vigilance and various measures 
for sterilization, I have been able only partially to overcome. 

Beginning the narrative of experiments with the unpublished results of 
1911, one brood produced by inbreeding that year is of some interest. 
The first of two generations descended from a white female of C. philodice 
gave equal numbers of heterozygous white and recessive yellow daughters 
(1911, y=28 white? ¢, 21 yellow? 9,42a@. (See conspectus of matings.) 
The sons consequently may be assumed to have been likewise heterozygous 
(white-yellow) and recessive (yellow-yellow) for female coloration. One 
of them, y‘c’, was tested by mating him to a homozygous yellow female 
and found to be heterozygous for female coloration (giving 1911, x, 1 
white ?, 2 yellow? 2°, 130°. He was again mated to a heterozygous white 
sister (y*°¢) and produced four white daughters, none yellow. Obviously 
the numbers were too small to bring out the expected 25 percent of reces- 
sive yellow daughters. 
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The experiments of the following years with white eurytheme stock 
inbred, gave likewise three smal] families the father of each of which, like 
the mother, was heterozygous for white, and which gave only white 
daughters, not a 3 : 1 nora 2 :1 ratio, (1913, e,f, h). One of these, 1913, 
e, contained as many as nine white females. It is remarkable that no yel- 
low female appeared in this brood. The other two families (f and h) each 
contained only three white females. More reliable than these small broods, 
however, was 1913, t, a species back-cross between a white C. eurytheme 9 
X a species hybrid (eurytheme X philodice)z. This brood comprised 39 
white females, none yellow (and 33 males)! The hybrid male parent, o ¢, 
and the female, a°¢ (white), were both members of broods made up of 50 
percent heterozygous white and 50 percent homozygous recessive yellow 
individuals, his sisters (of brood 0) being actually 36 white, 35 yellow; 
hers (of brood d) 4 white and 4 yellow. I shall try to explain these anom- 
alous cases, which are remarkable for the absence of recessive yellow 
individuals, in a later section (page 518). 

These puzzling cases led to repeated attempts to inbreed white-bearing 
stock both of C. eurytheme and of C. philodice. Although the experiments 
of 1914 were mostly directed toward the study of orange versus yellow 
in hybrids of the two species, two matings deserve special notice. A son 
of a heterozygous white female eurytheme from Arizona (namely, y“¢, of 
a brood made up of 13 white and 15 yellow sisters) was mated with a 
philodice female (z*°¢) of a strain homozygous for yellow, and produced 
7 white, 9 yellow daughters (1914,c). He was evidently heterozygous for 
white female coloration and transmitted it to half of his species-hybrid 
daughters. This case was perfectly clear, but a reciprocal cross of the 
same two strains gave (in family a) a peculiar result. A male philodice 
of the same homozygous yellow strain (z®7) was mated with white 
female eurytheme (y“¢), of the brood composed of 13 white and 15 yellow 
females, which should have produced, therefore, equal numbers of white 
and yellow daughters. The result, however, was 24 white females : 10 
yellow females and 20 males (brood 1914, d). This case also will be 
discussed under “Unexpected ratios” (see page 514). 

The two families of inbred white obtained in 1916 (II and ITI) from eury- 
theme stock, gave a precisely 50 : 50 ratio of white and yellow females, 
showing that the males used in mating were homozygous recessives for 
female coloration, so that no light was thrown on the problem of mating to- 
gether two heterozygotes and no progress made toward securing homozy- 
gous white stock. 
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The difficulty in getting conclusive evidence regarding the second 
generation, due to the wilt or polyhedral disease, which strikes the inbred 
stock in midsummer very severely, was obviated in 1919 and 1920 by using 
caterpillars of C. philodice (irom white mothers of the previous fall gen- 
eration) that I had succeeded in hibernating, so that, by breeding from 
their imagines the last of May, a large generation of adults was obtained 
in June-July. The evidence in 1919 pointed to the fact that the only male 
(son of a white female) that had hibernated (1919, A's) was homozygous 
for yellow. He was tested by five matings. With two yellow sisters he 
produced only yellow daughters (7 by one, 5 by another). By one white 
sister he had 8 white daughters : 8 yellow daughters (1919, D); by another, 
28 white daughters, 38 yellow daughters, and 64 sons (1919,B). So far 
he was shown to be a perfectly regular homozygous recessive (yellow) for 
female coloration. The fifth and last mating, with a heterozygous white 
female, though the male was clearly homozygous for the recessive yellow, 
gave an unmistakable ratio of 2 white daughters : 1 yellow daughter (1919, 
C =67 white females, 36 yellow females and 77 males). This remarkable 
case also will be fully discussed later (page 515). 


HOMOZYGOTES FOR WHITE 


The results obtained with C. philodice in 1920 were satisfactorily regular. 
Three of the five sons of a white female, hibernating as caterpillars, were 
tested by mating them to yellow females, and two of them (¢'< and 
¢°*) were found to be heterozygous for white, the third (¢*) homozy- 
gous for yellow. 4c mated to a yellow sister, ¢°9, gave a brood, X, 
consisting of exactly 28 white daughters and 28 yellow daughters (and 
77¢¢@), proving that he was heterozygous for white. Fortunately he had 
been mated to the only white female that I had succeeded in hibernating as 
a caterpillar (namely, ¢°¢). This female produced an extraordinarily 
largé brood (1920, 1) of 253 butterflies, the females of which showed an 
unmistakable ratio of 3 white : 1 yellow. The final count was 95 white ¢ 9: 
28 yellow ° 9 : 130%; the expectation on a 3 : 1 basis being 92.25 white : 
30.75 yellow. Repeatedly during the emergence of this brood the count 
showed an almost precise 3 : 1 ratio. When 111 females had emerged from 
the chrysalis, for example, there were 84 white : 27 yellow, 83.25 : 27.75 
being the expectation. 

Details in regard to this remarkable family, 1920 i, are important not 
merely because it demonstrated for the first time that the 3 : 1 instead of 
the 2 : 1 ratio can be obtained from the union of two heterozygotes for 
white, but because it proves also that homozygous white females and yellow 
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males homozygous for white actually result from this combination, as was 
shown by subsequent breeding. 

Moreover, five out of the seven individuals of this brood that were 
used in breeding proved to be heterozygous for a new blue-green varia- 
tion in hemolyph and integument color in the caterpillar, in which the 
suppression of a yellow element in the hemolymph, probably derived 
from xanthophy! of the food, changes not only the color of the caterpillar 
and pupa but also the cuticula of the pupa and the eye color of the adult 
(see GEROULD 1921). 


HOMOZYGOTES INBRED, AND LATER DEVELOPMENTS 


Our present interest in this brood (1920, 1+) in which the 3:1 ratio 
occurred, lies in the.fact that all the three white females that were used 
in breeding (each mated to a different brother) produced white daughters 
only (brood = 24 white ¢ 9,179; a=2 white? 9, 274; v=10 whiteo 9, 
7¢¢). The following generation also consisted of white females only 
(namely, «(ex 8) =1 white?, 12; (ex 8) =15 white? 2, 270; p (ex 8) = 
10 white? 9, 1404; 6(ex =2 white? ?, 40°; w (ex v) =21 white? 
2990; w (ex v) =4 white? 9, 52; o(ex v) =2 white? 2, 8a). 

Five of these families containing white females only (p, 6, 7, «, o) 
were allowed to come through to the butterfly stage in November and 
December, and no attempt was made to mate and breed them further. The 
two others (x and ¢) survived the winter as caterpillars and were brought 
to maturity during the last two weeks of April, 1921. Family ¢ consisted 
of 15 white females and two males, « of only one (white) female and one 
male. Since none of these three surviving males could be induced to mate 
with any of the fifteen white females of brood e, it became necessary, in 
order to keep the stock alive, to mate the latter with wild males. But, 
since butterflies of this species had not yet appeared in the field at this high 
latitude so early in the season, four wild males, by the kind coéperation 
of Prof. P. W. WuiTING, were imported from Annandale-on-Hudson, N.Y., 
a region further south, where they were then abundant. Received on 
May 6, these four males were immediately mated with four white females 
of brood e, producing (June 20 to July 26) the four families, 1921, e, p,i, s. 

Since brood ¢ and all the others of its generation were exclusively white, 
and since the parents of this brood also belonged to an all-white brood, 
it was expected that the four families produced by crossing this stock 
with recessive wild males would contain white heterozygous females 
only. If by a rare chance one of the wild males should carry the factor 
for white female coloration, the probability of getting all white females 
would be even more certain. 
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An unexpected result happened. The four families produced by crossing 
the all-white stock with wild males, presumably homozygous recessives for 
yellow female coloration, consisted of approximately 50 percent white 
(heterozygous) females and 50 percent yellow recessives. In other words 
none of the four white mothers of the four families, e, p, i,s, was homozygous 
for white. Every one was heterozygous. The obvious conclusion was that 
the true-breeding white stock had consisted of equal numbers of homo- 
zygous white females and heterozygous white females. Equal chances to 
mate had been given to nine other sisters placed in the same cage with 
these four and with the males from New York. Possibly homozygous 
white females are less inclined to mate than the heterozygous, just as I 
have found butterflies from blue-green caterpillars to be defective in 
mating instincts. Since I had secured all the pairs that could be con- 
veniently used for breeding, the other females were not tested, except 
that two of them (é and ¢) were kept for several days with «3, a 
butterfly from a blue-green caterpillar, which was not observed to mate 
though he was kept alive for 26 days. These two females each laid sterile 
eggs. 

My purpose in inbreeding to get the following generation, was double: 
to seek again the elusive ratio that two heterozygotes for white female 
coloration should give, and more especially, to recover recessive blue- 
green caterpillars, for whose factor I had reason to believe half of the 
individuals of the two previous generations of 1921 were heterozygous. 
For this inbreeding, members of the largest family, 1921, p, consisting 
of 65 white females 69 yellow females and 217 males were chosen. Owing 
to limitations of greenhouse space, I bred from this family only. In 
six of the nine families thus produced, the progeny showed that the male 
parent was recessive for female coloration, giving, with the white hetero- 
zygous females with which they respectively were mated, equal numbers 
of white and yellow female offspring; while the three other families (r, 0, d) 
contained in each case such an excess of white daughters as may be 
interpreted by assuming that the male was heterozygous. One (t), though 
small (10 white, 2 yellow), probably presents the 3 : 1 ratio uncomplicated 
by any disturbing factors; another (0) gave a clear-cut 2 : 1 ratio (49 white, 
25 yellow) ;! the third (d) gave only white female offspring. The two 
last, as I shall show in a later section (page 517), may be explained on 
the hypothesis of a lethal factor linked with yellow. 


1 This aberrant ratio may even better be regarded as a modified 1:1, assuming that the 
father was homozygous for yellow and that both parents were heterozygous for a lethal factor 
closely linked with yellow (see page 517 for a full discussion). 
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This generation of butterflies, 1920, p, emerged in August, and con- 
sisted of individuals with olive-green and blue-green eyes (from olive- 
green and blue-green caterpillars), as well as those apparently normal 
(as regards those mutations). Consequently, attention was directed for 
the rest of the season to breeding these two sets of mutants in caterpillar 
color, without special regard to white wing color. 

Nevertheless, 17 matings of white females were made in spite of some- 
what diminished mating affinity. Thirteen white females that had been 
mated, either with males of this stock or with wild males, were tested as 
to their ability to lay fertile eggs. The majority of them (8) laid only sterile 
eggs; four laid well, but only two of these had been mated to males of 
this inbred stock. It is evident from these facts that inbreeding was 
producing in this generation a high percentage of infertility. Females 
from olive-green caterpillars were probably no more deficient in mating 
affinity or fertility than those from grass-green caterpillars, but females 
from blue-green caterpillars lacked in both mating affinity and fertility. 

The hemolymph variations of the caterpillar, however, though affecting 
the eye color of the butterfly, are entirely independent of white wing 
color, to which we now recur. Only one family (1921, a) of the succeed- 
ing (September-October) generation is of much significance as regards 
the inheritance of white wing color. It came from the large family of the 
August generation showing the clear-cut 2 : 1 ratio (i.e., 1921, o=49 white 
females, 25 yellow females, 80 males), and it contained white females only. 
The explanation of this is the occurrence in the parents of a lethal factor 
linked to that for the recessive yellow, as will be brought out later (see 
page 517). 

This brings the stock to the close of the season of 1921, when it was put 
into winter quarters. Adverse weather conditions (excessively dry soil, 
and possibly the unusually prolonged periods of intense cold) destroyed all 
the hibernating caterpillars of this most interesting stock, that had been 
put underground, save a few that had been packed away with vegetables, 
which furnished the necessary protection against drought and cold. 
But these few were already infected with wilt and died in the spring 
before reaching maturity. 


TYPES OF MATING 
Discussion of the regular ratios in tables 1 to 6 
In inheritance of female whiteness, that depends primarily on a single 


factor difference, there are only three types of individuals as far as genetic 
constitution is involved, namely, the homozygous and the heterozygous 
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dominants and the recessive. In one sex these genetic differences are 
expressed as two phenotypes (dominant and recessive), whereas in the 
other they are entirely latent, masked by the stronger yellow color peculiar 
to that sex. 

Dominant white female coloration, the gene for which we will call 
W, is contrasted with the recessive normal yellow ground color, the gene 
for which we will call w. Females are therefore either white (WW, Ww) 
or yellow (ww). Males, constitutionally of all three types of female 
coloration (WW, Ww and ww) occur in the butterfly population with 
frequencies corresponding to those of the female types existing in that 
particular region. 

Owing to the comparative rarity of the white female in the locality 
where I have worked, individuals of either sex that are homozygous for 
the dominant-white female color are exceedingly rare, heterozygotes more 
common. 

The following combinations are represented in my cultures: 

White female, Ww, male ww, shown in table 1 
White female, Ww, male Ww, shown in table 2 
White female, Ww, male WW, shown in table 3 
White female, WW, male Ww, shown in table 3 
Yellow female, ww, male ww, shown in table 4 
Yellow female, ww, male Ww, shown in table 5 

It is evident that three possible combinations of homozygous white 
stock are missing, or not distinguishable from the Ww X WW combination 
which of course breeds true to female whiteness. This is due partly to the 
fact that it is exceedingly difficult to carry on the same stock for several 
generations and partly to the fact that, when in 1920 an abundance of true- 
breeding white stock was secured in a third generation of inbreeding, an 
interesting variation in caterpillar color appeared that temporarily di- 
verted my attention from the original problem. Winter came on, and the 
particular caterpillars of true-breeding all-white stock that survived proved 
to be not homozygotes but heterozygotes for white. Thus, it is uncertain 
whether females of the WW type have been mated with WW, and it 
is evident that WW females have not yet been crossed with ww males, 
nor yellow ww females with WW males. As I am convinced that there is 
nothing inherently lethal in the WW combination, this should be a matter 
of no difficulty when homozygous white stock is again obtained by the 
repeated inbreeding of heterozygotes. 

Wild white females of C. philodice, as well as of C. eurytheme, have in- 
variably proved to be heterozygous for white female coloration. Twelve 


WHITE WING COLOR IN YELLOW PIERID BUTTERFLIES 507 


of philodice and four of eurytheme are included in table 1. The chances 
of a wild white female’s mating with anything but a homozygous yellow 
male are very small, about 1 : 20 in such a population as that with which 
I have worked, in which yellow females outnumber the white by about 
twenty to one,’ and in which the male population, though always yellow, 
presumably corresponds to the female in respect to the transmission of 
yellow or of white female coloration. 

The proportion 50 : 50 runs uniformly, with few exceptions, through the 
long list of families noted in table 1, giving a total of 635 white : 639 
yellow for the two species and their hybrids. 

Thirty-two families of C. philodice are listed in table 1 and three 
showing well-marked exceptions to this ratio (see page 510) will be dis- 
cussed in the next section. The 10 broods of C. eurytheme show a slight 


‘excess in favor of white females, and the species hybrids, if we subtract 


the one anomalous brood, 1914 d, (to be discussed in the following section), 
show exactly 100 white and 100 yellow females. 

The combination Ww X Ww shown in table 2 has presented such 
irregularities that, until I bred 1920, ., I doubted the possibility of getting 
with this combination in C. philodice, a clean-cut 3:1 ratio. But in this 
brood there was no evidence of disturbing factors. The fact that three 
broods showing irregularities (1921, 0, a, d) were descended from this 
perfectly regular brood is to be accounted for by the assumption that the 
wild ~ (w*) with which the stock (e ¢) was out-crossed in the spring of 
1921 was probably heterozygous for a lethal factor. The total, 105:30, 
for the two Ww X Ww broods is close to expectation. The exceptional 
broods under II and III will be fully discussed in the next section. 

Table 3 shows the exclusively white descendants of the brood, 1920, ., 
that distinctly showed the 3:1 ratio. Accordingly, one or both parents 
of succeeding broods (producing in turn x, e, p, 6) and v (producing 7, w, ¢) 
were homozygous. The oncoming of winter permitted the testing of only 
one of these all-white families, namely, e, of which all four females that 
were tested (by mating with wild males homozygous for yellow female 
coloration) proved to. be heterozygous for white, since their offspring 
(1921, e, p, i, s; see conspectus of matings) contained equal numbers of 
white and yellow females. For if these four females of family « had been 
homozygous for white, they would have produced, of course, white 
daughters only, whether their wild mates were, or were not, carriers of 
the gene for white female coloration. 


2 Possibly ten to one would be a more correct estimate (see page 520). 
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Table 4 shows that yellow females, ww, mated with males homo- 
zygous for the recessive yellow factor have only yellow daughters. The 
nine broods of C. philodice here listed are a by-product of the cultures, 
and represent only a small part of all the numerous families that I have 
raised from wild females. This is the usual experience in this region, 
where white females are comparatively rare. The same is true for large 
broods of orange-colored C. eurytheme raised from females from Arizona 
and Colorado, three of which are listed, and for hybrids between C. 
philodice and C. eurytheme, of which six broods are recorded. 

Table 5 shows that the recessive yellow female mated with a male 
heterozygous for female whiteness produces equal numbers of white and 
yellow daughters. This is true both of C. philodice and hybrids between 
philodice and eurytheme. Two anomalous broods are recorded, namely, 


1920, o, in which there was such a shortage of white females that the ratio- 


stands as 7 : 9 (59 white : 76 yellow) and 1910, i (30 white : 14 yellow), 
which will be discussed in the following section. 

The shortness of the list of families of yellow females throwing equal 
numbers of white and yellow daughters is due merely to the fact that 
white females were usually bred, rather than yellow, the latter being used 
only to test the genetic constitution of certain males or because the yellow 
mother had some remarkable coloration, as for example the wild female 
of 1909 that resembled Colias nastes of Labrador and the Far North, 
which gave family 1909, b, containing only normal yellow and normal 
white daughters. It would have been an easy matter, if adequate green- 
house space had been available, greatly to extend the list shown in table 5. 


Unexpected ratios 


Even in the earlier years of the investigation I was struck with the not 
infrequent appearance of the 2 : 1 ratio in broods in which either 1 : 1 or 
3 : 1 was expected, but the numbers involved were then so small that it 
was doubtful whether they accurately represented the genetic constitution 
of the parents. 

The difficulty in obtaining a 3 : 1 ratio from two heterozygous parents 
has been sufficiently emphasized in previous sections. In 1911, when 
my preliminary paper appeared, the available evidence led to the conclusion 
that the homozygous white (WW) combination is lethal. This evidence 
consisted merely in the two families, 1910 g and h, which together gave 
51 white : 30 yellow female offspring. The male parent of these broods, 
as well as the two mothers, was very definitely a heterozygote for female 
coloration, and the theoretical expectation 54:27 on a 2:1 basis was 
much more closely approached than 60.75 : 20.25 on a 3 : 1 basis. 
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TABLE 1 
9 Ww Xo ww. Heterozygous white 9 K co homozygous recessive for white female coloration. 


WHITE 9 9/ YELLOW 
MOTHER FATHER BROOD Ww Q 9 ww MALES 
C. philodice 
1908 Wild Wild 2 3 3 
1909 Wild Wild la 7 16 39 
Wild Wild 2w 8 4 20 
Wild Wild c 3 7 13 
1910 Wild Wild a 6 9 18 
Wild Wild b 22 28 79 
4b*t 4b® m 5 3 9 
Ib? Ib*t ° 3 4 9 
Wild Wild c 8 8 24 
Wild Wild d 15 13 30 
1911 Wild Wild a 8 17 28 
Wild Wild B 13 11 25 
Wild Wild Y 28 21 42 
€ 3 2 10 
3 5 1 
q q R 4 5 8 
1919 Wild Wild A 3 4 1 
A? Al B 28 38 64 
As Al D 8 8 26 
1920 Wild Wild ¢ 1 3 5 
ol 14 10 20 
1921 é Wild! e 6 11 22 
é Wild? p 65 69 217 
& Wild? i 1 1 1 
Wild‘ s 3 4 9 
p® p“ r 5 6 16 
45 p® f 20 13 40 
p29 Pp y 3 3 8 
c 14 9 45 
ps pio h 13 12 26 
ps p's q 21 17 36 
+0! +07 1 0 2 1 
Total for C. philodice 343 366 894 
Expected 354.5 354.5 
C. eurytheme Wild Wild a 29 24 = |57+1 gyn. 
1913 als a3? d 4 4 4 
as? i as j 3 5 3 
Wild Wild b 27 20 49 
m 16 11 38 
n 1 2 1 
1914 Wild Wild y 13 15 29 
1916 Wild Wild I 62 53 102 
II 28 29 39 
ps 9 10 11 
Total for C. eurytheme 192 173 333 
Expected 182.5 182.5 
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TABLE 1 (continued) 
MOTHER FATHER BROOD | yELLow | wares 
‘w 2 ww 
Species hybrids 
1913 b’8 (ewrytheme) | Wild philodice re) 36 35 72 
a™ (eurytheme) | Wild philodice p + 3 11 
p" (F; hybrid) | o'° (F; hybrid) q 3 3 13 
m?28 (eurytheme) | (F, hybrid) r + 3 5 
m* (eurytheme) | p® (F, hybrid) s 35 38 108 
e!° (eurytheme) | o' (F, hybrid) u 15 13 36 
m® (eurytheme) | Wild philodice v 3 5 25 
Total for species hybrids 100 100 270 
Grand total 635 639 1497 
Anomalous broods showing a lethal factor linked with yellow 
9 WL.wl wL.wl=2 white : 1 yellow 
1914 y“ (curytheme) z'3 (philodice) d 24 10 | 20 
1919 AS (philodice) A! (philodice) Cc 67 36 77 
1921 p* (philodice) p? (philodice) ° 49 25 80 
Total | 140 | 71 ! 177 
Expected | 140.6, 70. 
TABLE 2 


2 WwXo Ww. Heterozygous white female X male heterozygous for white female coloration. 
I. Non-lethal combination (3:1 ratio). 9 WL.wLX¢@ WL.wL 


WHITE YELLOW 
| MOTHER FATHER BROOD 29 29 MALES 
1920 95 28 130 
1921 p! pt t 10 2 19 
Total 105 30 149 
Expected 101.25 33.75 


‘IL 9 


All-white families from heterozygous white parents 


C. philodice 
1911 7? ad A 4 0 7 
1921 +o! +08 a 17 0 9 
p™ d 28 0 30 
C. eurytheme 
1913 ad? a’? e 9 0 15 
Hybrids 
1913 ds o™ (hybrid) t 39 0 33 
Total 97 0 94 
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TABLE 2 (continued) 
Ill. 9 Wl.wLkLXh@ WL.«l. Crossover of lethal factor to white in the female parent. 


(2:1 ratio) 
WHITE YELLOW 
MOTHER FATHER BROOD Q 9 Q Q MALES 
C. philodice 

1910 1d!8 38 22 63 

1d* h 13 8 16 

1d 1d8 1 3 3 4 

Total 54 33 83 

Expected 58 29 
TABLE 3 


9 WW, or 9 WWXCo Ww, or 9 WW. All-white families, partly homozygous. 


WHITE YELLOW 
MOTHER FATHER BROOD 29 29 MALES 
C. philodice 420 3 B 24 0 17 
1920 +8 K 1 0 1 
+p8 € 15 0 2 
+" 10 0 14 
6 2 0 4 
2 0 2 
uv 10 0 7 
v vis 21 0 29 
ys w 4+ 0 5 
vit uv? 2 0 8 
Total 91 0 89 


TABLE 4 
Q wwX o ww. Homozygous recessive yellow 9 X c homozygous recessive for white female coloration. 


MOTHER FATHER BROOD YELLow 9 9 MALES 
C. philodice 
1909 a™ Brother of a 2y 15 20 
1914 Wild Wild z 41 47 
1919 A’ Al E 7 13 
Ai Al F 5 3 
1920 118 127 
po si? 0 13 21 
1921 -y! ht K 8 rf 
—o? Wild? u 6 10 
o7 Wild® mc* 20 2 
Total 2332 2 2500s 
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TaBLe 4 (continued) 
MOTHER FATHER BROOD YELLOW 2 1°) MALES 
C. eurytheme (orange-yellow) 
1912 Wild, from Wild u 4 
Arizona 
1913 Arizona Wild c 206 214 
1914 Arizona Wild x 136 149 
Total 3519 9 70S 
Species hybrids 
1912 u® (eurytheme) | Wild philodice a 11 1 
1914 z (philodice) | x (eurytheme) a 40 122 
gio gi2 e 6 6 
ales ait 12 22 
ait Wild philodice h 36 24 
h? h3 i 8 14 
Total 11399 18997 


*The brood mc is melanic, 077 9 being a melanic mutant. The dearth of males was due to the 
use of the older caterpillars (normal, grass-green) for‘exhibition purposes and their death. 


TABLE 5 
9 wwX oh Ww. Homozygous recessive (yellow) 9 X & heterozygous for white female coloration. 
MOTHER FATHER BROOD wHITE 9 9 YELLOw 2 9 MALES 
C. philodice 
1909 wild, nastes- 
like wild b = 10 19 
1910 alt a? € 13 14 59 
alo al? 7 10 
1d3° 1d8 k 19 19 46 
191} Q of pure 
yellow stock Sad x 1 2 13 
1920 28 28 77 
¢ 59* 76* 146 
Total for C. philodice 133 154 370 
Expected 143.5 143.5 
Species 
hybrids 
1912 u’ (eurytheme)|Wild philodice| 3 1 1 
1914 28 (philodice) \y* (ewrytheme) c 7 9 45 


*Note the 7 : 9 ratio in 1920, 0; one-sixteenth of the 9 9 (namely white) are missing. 
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wL.wl 9 X @WL.wl. Both parents heterozygous for a lethal factor linked with yellow. 


MOTHER FATHER BROOD | wHite 9 Q | yYELLOow 2 9 MALES 
C. philodice 
1910 1 d® 1 ds i 30 14 27 
TABLE 6 
Irregular ratios due to a lethal factor, reassembled. 
A. 2 WLwWhX? wl.wl=WLwlh+WLul+wL.ul+[wl.wl, dies]. 2 white : 1 yellow. 
MOTHER FATHER BROOD wHite 9 2 | yELLow 9 9 MALES 
Hybrids of 
1914 y* zs d 24 10 20 
(eurytheme) | (philodice) 
C. philodice 
1919 A‘ A! Cc 67 36 717 
1921 p* p* ° 49 25 80 
Totals 140 71 177 
*If the o p? was Ww, this belongs under section C. He was not tested. 
B. 9 WL.wl=WL.W1+2WL.wl+[wl.wl, dies]. All white. 
C. philodice 
1911 7"? y A 4 0 7 
1921 +o! +08 a 19 0 10 
p* p* d 28 0 30 
C. eurytheme 
1913 as? at? e€ 9 0 15 
Hybrids 1913 as o™ (hybrid) t 39 0 33 
Totals 99 0 95 


C. dies]+wL.wl. 2 white : 1 yellow. 


C. philodige 
1910 1a 38 22 63 
148 h 13 8 23 
1 1 3 3 4 
Total 54 33 90 
Expected 58 29 
D. wlhwX dies]. 2 white: 1 yellow 
1910 | i 30 14 27 
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Consideration of these two families and the general difficulty of getting 
the 3:1 ratio from two heterozygotes certainly indicates that lethal factors 
exist which may be associated with the dominant white factor, but does 
not prove that the combination WW is always Jethal. In fact the 2nd, 
3rd and 4th generations of 1920 tend to prove the opposite, for in that 
series of inbred fraternities the ratio 3 white : 1 yellow was obtained unmis- 
takably, followed for two generations by all-white families. More- 
over, the mathematical conclusions of Dr. J. W. Younc (see page 521) 
show that, if homozygous white combinations were always lethal, this factor 
would in the long run, with random mating, disappear from the general 
population, and I have no evidence that such a process is, or has been, 
going on. 

On the other hand, the experiments of recent years have brought to 
light families of large size in which the proportions of white to yellow 
female offspring can best be explained by assuming that a lethal factor 
is closely associated with the recessive allelomorph of white, namely, 
yellow, or w. 

The first of these remarkable families that we shall consider is one in 
which a heterozygous white female, mated with a certainly homozygous 
recessive male, produced twice as many white as yellow daughters. In 
other words, half of the expected yellow daughters were missing, elimi- 
nated presumably by a lethal factor closely linked with yellow. 

The father (A! ~) in this family, 1919, C, was clearly a homozygous 
recessive (yellow, ww) for female coloration, as two of his matings with 
yellow sisters and two matings with white sisters (broods B and D) 
showed.? Mated to recessive yellow sisters he gave only yellow daughters, 
to white sisters both white and yellow daughters in equal numbers. 

The fifth mating of this same homozygous recessive male, with another 
white female (A‘ ¢), produced very definitely two white daughters to one 
yellow, namely, 67 white, and 36 yellow females [expectation on 2:1 
basis 682 : 344], and 77 males. During the eclosion of the brood 
this tendency to follow the 2 :1 ratio constantly demonstrated itself as 
the daily tally was kept. Thus when the total number of females stood 
at 93, 62 of them were white, 31 yellow. 

A similar case occurred five years earlier (1914) when a heterozygous 
white female of C. eurytheme (y “) was mated with a male of a brood of 
C. philodice (z) containing only yellow females, a male therefore homo- 
zygous for recessive yellow female coloration. The result (1914,d) was not 
the expected equal numbers of white and yellow, but 24 white and 10 


3 See “‘Conspectus of matings,”’ 1919; also table 1 (end) and table 6, A. 
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yellow, daughters. Half of the expected yellow females failed to appear. It 
may be worth noting in passing that both of these unusual broods showed 
also a marked shortage of males.‘ 

The reciprocal cross to this, a homozygous yellow female X a male 
heterozygous for white female coloration, produced in 1910 30 white 
daughters and 14 yellow daughters, 2 : 1 instead of 1 : 1 (1910,i, table 6,D). 

In explanation it may be assumed that both parents in each case were 
heterozygous for a lethal factor closely linked with yellow, which destroyed 
one quarter of the offspring, namely, one-half of the expected recessives. 
Two of the three fraternities under consideration are from brother-sister 
matings favorable for bringing to light any recessive lethal factors that 
might be latent. 

The explanation as applied to the case of 1919 C works out as follows: 
The mother, A*?, may be supposed to have the constitution WL. wl, 
heterozygous for white-yellow and for the lethal factor, L/, but with the 
Jethal factor, /, linked with yellow (w). The mate would then be wl. wl, 
and the resulting offspring: WL. wL (white), WL. wl (white), wZ.wl (yellow), 
wl.wl (dies), of which the last would be eliminated by the lethal factor, 
leaving two types of white, one normal, one heterozygous for the lethal 
factor, to one surviving yellow, heterozygous for the lethal. In 1910,i, the 
recessive yellow mother, wLl.wl, mating with a male heterozygous for white 
and for the yellow-linked lethal factor, i. e., WL.wl, produced: WL.wL 
(white) +WL.wl (white) +wL.wl (yellow) +wl.wl (dies), or 2 white daugh- 
ters : 1 yellow daughter. 

Analysis of the four generations of C. philodice that came to maturity 
in 1920, as already stated, leads to the conclusion that in this strain lethal 
factors were not present and WW is viable. ¢°a, mated with the reces- 
sive yellow sister ¢°, gave 28 white daughters and 28 yellow daughters, 
and was clearly heterozygous for white. Mated again with a heterozygous 
white sister, ¢°, a perfectly definite 3:1 ratio (95 : 28) was obtained, 
which has already been discussed. 


#1919, C(103 99, 77 o'@) lacked about 25 percent of the normally expected males, which- 


should be 105+. It is conceivable that the missing males were non-viable heterozygotes for the 
same lethal factor that in homozygous combination caused the shortage of yellow females and 
eliminated a corresponding number of males. This assumption is supported by 1910, i, which 
had 44 99 and only 27 oc, lacking about 40 percent of normally expected males, and 1910, 1, 
in which a similar shortage occurred. In the hybrid cross 1914, d,=34 99, 20 cc’, likewise 
over 40 percent of the expected males were missing. There was a similar shortage of 7’ in 
the hybrid families of 1913, d, and t, in which a lethal was evident (17+ percent of 7 missing 
in t), but on the other hand a normal excess of males occurred in 1913, e, and the families of 1921 
in which the yellow-linked lethal crops out (t, 0, d). 


Genetics 8: N 1923 


. 


516 JOHN H. GEROULD 


This makes it evident that homozygous white females and males cor- 
f responding to them (WW) do occur, and, mated together or with hetero- 
4 zygous (Ww) males, should give all-white broods. 1921 8, a, and v, are 
i such broods. £ inbred and v inbred gave a generation of seven families, 
r every one of which was all-white. There is no evidence that this strain 
contained any yellow-linked or white-linked lethal factors. The seven 
families (x to o) of the fourth 1921 generation consisted of WW+Ww or 
WW+WW combinations of females and males. 

As previously stated, the only individuals of this strain that hibernated 
and produced broods (e, p, i, s) in 1921, were heterozygous females, for, 
mated with wild males from Annandale-on-Hudson, they produced in 
every case equal numbers of heterozygous white and recessive yellow 
daughters. This proved not only that the wild males were recessives, ww, 
but that all of the tested females of the all-white strain were Ww. 

That we had been dealing only with Ww individuals in the ‘wo gen- 
erations of all-white-female families and that WW is always lethal, as I 
assumed in my earlier paper, I do not regard as probable, in view of the 
large numbers jn the conspicuously 3 :1 ratio of 1921, and yet I would 
: not dogmatically assume that the whole case is not one of balanced lethals. 
I have not yet proved to my entire satisfaction that some females of an 
‘ all-white strain are homozygous. 

d Into this all-white strain there was introduced heterozygously by the 
wild ww male from Annandale two recessive factors, one for the olive- 
green caterpillar and butterfly color described in other papers, and one 
for a yellow-linked lethal. This male, in other words, was heterozygous 
| for olive-green Oo [normal for the recessive blue-green carried by his 
white-winged mate, i.e., BB] and heterozygous for the yellow-linked 
: lethal, wL.wl. Since the white female mate, e?, was normal for both of these 
factors, OO, grass-green, and WL.wL, white [heterozygous for blue-green, 
| Bb], their immediate progeny, 1921 p, were phenotypically normal, but 
7 consisted of an equal mixture of heterozygotes for blue-green and olive 
caterpillar color and their normal allelomorphs, equal numbers of whites 
normal and whites heterozygous for yellow-linked lethal, of yellows 
normal and yellows heterozygous for yellow-linked lethal. 

; The mating is as follows: 

192129 ie., 9 WL.wL [Bb] OOX ewL.wl [BB] Oo 

: From this mating came 1921, p, consisting of 65 heterozygous white and 
69 recessive yellow females. That they were in equal numbers hetero- 
zygotes and normals for recessive caterpillar variations does not concern 
us here, save to say in passing that in the next following generation (1921, 
t to d), some of the nine fraternities of caterpillars were all grass-green; 
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some were 9 grass-green : 3 olive : 4 blue-green; others 3 grass-green : 
1 olive; still others 3 grass-green : 1 blue-green. 

Two of the adult broods of this generation brought to light the reces- 
sive lethal factor linked to yellow, namely, 1921, 0, consisting of 49 white 
females, 25 yellow females (and 80 males) and d, containing, in spite of 
the fact that neither of the parents could have been homozygous for 
white, white female offspring exclusively, namely, 28 white females and 
30 males. From family 0, a mating was made (+0'9 X+0%#) which 
likewise produced a brood containing (19) white females only, 1921, a. 

The clear-cut 2 : 1 ratio in family 1921, 0, was obtained from a white 
mother (p“¢) that must have been heterozygous for white, Ww, since she 
belonged to a family of heterozygotes and recessives in equal numbers, 
65:69. If her mate (p’) was ww and like herself heterozygous for a 
lethal factor linked with yellow, wi (i.c.,eWL.wl xX @wL.wl), a half of 
their homozygous yellow offspring would have been eliminated, namely, 
those homozygous for the lethal factor, giving 2 white : 1 yellow, which was 
actually the case (49 white¢ 9,25 yellow ¢¢). If, on the other hand, the 
male had been heterozygous for both w and / (WL.wl), they would have 
produced white daughters only, as in 1921, d and a, or the 2 : 1 ratio that 
was actually realized could have been produced if the male had been not 
ww but Ww, and if in one of the mates the lethal factor had crossed over 
from w to W, as in 1910 g and h. 

The parent family and the two following generations are shown in the 


following scheme: 


192129 xX we 
(WL.wL) | (wL.wl) 


white white yellow yellow 


p* x Pp’ 9 x 
(WL.wl) | (wL.wl) (WL.wl | (WL.wl) 
1921, d=WL.WL+2WL.wl+ [wll] 
white white yellow’ dies white white dies 
= 49 white? +25 yellow? = 28 white? 9 


+ote xX 
(WL.wl) | (WL.wl) 
1921, a=WL.WL+2WL.wi +[wl.wl] 
white white dies 
=19 white? 
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Returning to family p, from which the nine matings were made, two 
of which provided the lethal combination (//), we have assumed that it 
was made up of individuals of which half were heterozygous for the lethal 
factor, half were normal. The matings, therefore, should have occurred, if 
at random, as follows: 1 LLXLL,2LLXLI, 1 LIXLI (the lethal combina- 
tion). Thus a quarter of the nine matings, namely, 2.25, should have fur- 
nished the lethal combination, //, as two, in fact, did. 

The different results, 2:1 or 3:0, depend, it is clear, upon whether 
the male parent involved has a genetic constitution for female coloration 
like his mate, Ww, or is a homozygous recessive, ww. 

Turning back to the anomalous family, 1913, t, females all white, of 
which neither parent could have been homozygous for white, since they 
came from unrelated families consisting of equal numbers of heterozygotes 
and recessives, we find a combination precisely like that in 1921, d and a. 

One of the respective parents in each of the families of the previous 7 
generation (1913, d, and the species-hybrid family, 0) presumably was 
heterozygous for the lethal factor, so that half of their offspring (d and o) 
were also. 1913, t, derived from d'9 (WL.wl XWL.wl) consisted 
of WL.WL+2WL.wi + [wl.wl] =39 white females and no yellow females 
(33 males). 

In 1913, e, (C. eurytheme) consisting of 9 white females, no yellow females 
(15 males), we find a similar combination, though this is too small a family 
to exclude the possibility of the 3:1 tendency. No homozygous white 
females were present in the previous generation, 1913, a. There were 29 
heterozygous white, 24 recessive yellow females in this family. They 
were inbred, giving (9) white females only. WL.wlXWL.wl, as before, 
gave WL.WL+2 WL.wl+[wl.wi] females, all white, assuming that the 
male parent was heterozygous for female whiteness. Possibly the small 
brood, 1911, A, consisting of 4 white and no yellow females, is of the same 
type. 

In our retrogressive survey we have now reached the anomalous 
families of 1910, g, h, i, which I explained in my earlier paper on the 
assumption that the WW combination islethal. This hypothesis, however, 
did not explain why family i from a recessive yellow mother consisted, like 
the two others, g and h, from a heterozygous mother, of 2 white daughters ; 
1 yellow daughter. With the assumption of a yellow-linked lethal, the 
group may now be explained. 

The male parent, 1d'*, was heterozygous for female coloration. His 
offspring, i, from the yellow female 1d“°9 show that (see table 6, D). He 
was mated with the two white females: 1d**, producing 1910, g, and 
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id*®, giving 1910, h. The composition of brood 1910, i, from the yellow 
female is as follows: 

x 

(wL.wl) | (WL.wl) 


white white yellow. dies 
that is, two white females (one normal, one carrying the lethal gene) to 
one yellow female. 

1910, g and h (from white females), consisting, respectively, of 38 : 22, 
13 : 8, are explicable on the 2: 1 basis by assuming a crossover in the female 
parents of the lethal gene from yellow, w, to white, with very close ‘“‘coup- 
ling.” In that case: Wl.wlL XWL.wl &, gives 

white white dies yellow 
or two viable white females to one yellow. But, as crossing over in both 
mothers with complete linkage to white may be regarded as unlikely, 
we have the alternative of assuming that both these female parents were 
normal, LL, as regards the lethal factor. That would result in the 3:1 
ratio. Thus, gives WLWL+WLwL+WLwl 
+wlL.wl or 3 white females to 1 yellow female. 

But the numbers 38 : 22 (and 62 males), 13 : 8 (and 23 males) approach 

the 2 : 1 ratio more nearty than 3 : 1. 


Résumé 


The irregular ratios discussed in this section may be explained by the 
assumption of a lethal gene ciosely linked with the factor for yellow female 
coloration. A similar lethal gene to that which occurs in C. philodice 
appears also in C. eurytheme and in the cross between the two species. 

The hypothesis of a yellow-linked lethal explains why all-white families 
have repeatedly been produced by two heterozygous parents (belonging 
to broods made up of heterozygotes and recessives in equal numbers). It 
explains why 2 white : 1 yellow female offspring have been produced 


_ by a heterozygous white female mated to homozygous recessive for female 


coloration, and by a yellow female mated to a male heterozygous for white. 

While the evidence in regard to the viability of the homozygous white 
combination is not wholly satisfactory, it seems probable that in certain 
strains homozygous white individuals actually occur. 


A 7:9 ratio 


It will be noticed that the regular 50 : 50 ratio from gww X #Wwin table 


5 is considerably disturbed by the anomalous family 1920, 0, of 59 white : 
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76 yellow females and 146 males. This is almost exactly a 7 : 9 ratio in a 
large brood. One-eighth of the females, (namely, of white, Ww, consti- 
tution) are missing. Lack of greenhouse space prevented a thorough 
investigation of this interesting strain, only a single pair (o°e Wwxole 
ww) from it being bred. The offspring (1920, 1.=149 9>Ww+109 gww+ 
207%) showed no marked divergence from the 1:1 ratio. In the absence 
of further data, an attempt to explain this anomalous brood must be mere 
speculation. Possibly a gametic lethal destroyed one-fourth of the white- 
bearing eggs of the Ww mother (¢'), giving an expectation of 574 white: 
777 yellow, against the actual 59 : 76. 


STABILITY AND PROPORTIONS OF THE WHITE VARIETY IN THE GENERAL 
POPULATION 


After the publication of my earlier paper I made an effort, by no means 
very thorough, to check up the statement that at Hanover, New Hamp- 
shire, “‘the proportion of white females to yellow is, perhaps, roughly 5 
percent.” 

In 1911 I made in this same locality the following counts of captured 
females, allowing none to escape lest they be counted twice: 


White Yellow 
May 16, 2 3 
3 9 
20, 5 18 
0 12 
June 8 0 10 
Total 10 white 52 yellow 


or 19.2 percent white females in the population. In July and August, 
1923, R. A. LATTIMoRE, under my direction, caught at Hanover, New 
Hampshire, 37 yellow and 4 white females; i.e., 9.75 percent of females 
were white. 

In southern New Hampshire (Goffstown, N. H., on August 21, 1917) I 
captured 2 white females and 50 yellow females; i.e., only 4 percent were 
white. 

In my earlier paper I assumed that the absence of homozygous white 
individuals in the stock of C. philodice that I had then bred, was to be 
explained by the probably lethal effect of the homozygous white combina- 
tion, similar to that which is characteristic of homozygous yellow mice. 
I did not deny altogether the existence of homozygous white stock, for 
it was well known that white males had been captured in certain localities 
where the white variety is abundant, and I assumed that these were 
probably homozygous males and that homozygous white females would 
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occur with them. This was consistent with the assumption that in the 
male yellow is dominant, white recessive. 

Having finally bred stock which apparently included homozygous white 
females and in which the males all proved to be yellow, I have discarded 
the theory of reversal of dominance. White, I now assume, is the dominant 
color, but the epistatic wing colors of the male prevent in that sex the 
expression of the genes for female wing coloration. 

The question now arises: What would be the effect upon a population 
having a hereditary character, either dominant or recessive, so completely 
lethal that it can never appear in homozygous combination,— a popula- 
tion in which the rare homozygous white female, for example, should 
never appear. 

My colleague, Professor J. W. Younc, has proved mathematically that 
a population made up of homozygous recessives and of heterozygotes for 
a single pair of allelomorphs, mating among themselves entirely at random, 
if the homozygous dominant be absolutely non-viable, would eventually 
lose entirely the dominant factor and be composed merely of recessives. 
The same principle would hold, per contra, if the homozygous recessive 
were non-viable, (i.e., if a recessive lethal factor were inseparably linked 
with any recessive gene) the recessive factor in question in that case would 
eventually disappear. 

This may appear at first sight unlikely, when one thinks of the mainte- 
nance of the stocks of yellow mice in which homozygous yellows are non- 
viable. By selective mating of yellow < yellow, or yellow Xnon-yellow, the 
yellow race can, of course, be maintained indefinitely, but if yellow mice 
should be set free in even a small population of non-yellow that are as 
likely to mate together as with heterozygous yellow individuals, the result 
eventually would be the extinction of the race of yellow mice. 

Professor YOUNG’s computation proves that a case like that of yellow 
mice could not exist under natural conditions involving no selective 
processes, and demonstrates that my earlier assumption is incorrect that 
in the absence of selection, inherently lethal results attend the white-white 
combination. 

It is as follows: 

In a given population let aa and Aa individuals exist in proportions 
p and gq, respectively, males and females of each type in equal numbers, 
such that p+q=1. 
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Random matings would occur in the following proportions, the first of 
each pair representing the female: 


9 

aa X aa give /~ (aa) 

aa X Aa give 4 pgq(aa) (Aa) 

Aa X aa give } pq(aa) +3 pg (Aa) 

Aa xX Aa give (aa) +3 (Aa) + i9°(AA, lethal) 


Collecting terms, this gives for the first generation: 
(p + 39)? of aa 
q(p + 39) of Aa 
4g’ of AA, which die. 
[As a check on this calculation, observe that the sum of these numbers 
is (p+q)*, as it should be.] 
aa and Aa then occur in the proportion: 


Since p=1-—g, this ratio may be written: 
The proport f A the = -~— after the first mating, 
proportion of Aa is then g 


that is, for the first generation. 

In the second generation the proportion of Aa individuals becomes 
;in the Kth generation, 

With increasing K this number decreases indefinitely, so that the dom- 
inant character A would ultimately die out. 

In the actual population of butterflies with which I have worked, Doctor 
Younc has shown mathematically, not only that the small proportion of 
dominant whites must be stable, provided no selective processes are at 
work, but also that starting with 5 percent of the population white (5 
percent ¢¢9, 5 percent white-latent 7) the proportion of homozygous 
dominant white females in the first generation, and later, would amount 
to only 6.25 in ten thousand, as compared with 487.5 heterozygous white 
females in ten thousand, the remaining 9506.25 being yellow. Hence the 
exceeding rarity of homozygous white females in this locality. Heterozy- 
gous white females, assuming a 5 percent heterozygous white female 
population at the beginning, would be 78 times as common as homozygous. 
If white females comprise 10 percent of the original female population, 
heterozygous white individuals are 38 times as abundant as the homo- 
zy gous. 

Doctor Younc’s computation is as follows: 
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Let ww, Ww and WW individuals occur in the original population in 
the proportions £, g and r, respectively, and p+q+r=1, males and females 
of each type in equal numbers. 

Random mating would produce crosses in the following proportions: 


78 

??> of ww X ww 

g of Ww x Ww 

roof WWxXWW 

Pq of ww X Ww 

Pq of WwxX ww 

pr of ww XWW 

pr of WWX ww 

rq of Ww xXWW 

rq of WWX Ww 
These crosses would produce individuals of the various types as follows: 

ww Ww ww 

ww X ww 
Ww xX Ww 
WWxWWw r 
ww X Ww 
Ww X ww 3Pq 2Pq 
ww XWW pr 
WWxX ww pr 
Ww xww 3qr 
WW x Ww 3qr 3qr 
Total 


Check: The sum of the three totals is (6+q+r). 
We then have in F,, ww, Ww and WW, occurring in the proportions f,, 
gi, and 7;, where 
pi=(p+49)" 
qi =2(p +39) (29 +7) 
(39-1)? 

Now place g=1—-—r, and substitute in p; and 1: 
9-9)? 
tr)? =} 

Let p—r=d, then 
q=3(1—d*) 

These results show that f:, g:, 71 depend only on d=p—r. 


fitgatni=l 


Genetics 8: N 1923 


524 JOHN H. GEROULD 


The distribution in F2, namely, p2, g2, 72, would be obtained by similar 
calculations on di=fi—n. But 


1+d\2 


That is, p2=fi, g2=91, 72=11, that is, the population is stable after the first 
mating. 
The formulas for #1, 91, 71 in terms of d show that 


2 


or which shows that is very small if is 
1 


small compared with #1. 
Numerical results: 
Original population p = .95, g=.05, r=0 gives for the stable population : 


pi =.950625 

=.04875 

r, = .000625 

1.000000 
Original population, p=.9, g=.1, r=0, results in stable population: 

pi =.9025 

gi =.095 

r,=.0025 

1.0000 
Pi 
d 3(1-d)? 3 (1 

.95 .950625 .000625 .04875 = 1.00000 
.90 .9025 .0025 .09500 = 1.00000 
.85 855625 .005625 . 13875 = 1.00000 
.80 . 8100 .0100 . 18000 = 1.00000 
.75 . 765625 .015625 . 21875 = 1.00000 
.70 .7225 .0225 . 25500 = 1.00000 
.65 . 680625 .030625 . 28875 = 1.00000 
.60 . 6400 .0400 . 32000 = 1.00000 
.600625 .050625 . 34875 = 1.00000 
.50 .5625 .0625 . 37500 = 1.00000 


JENNINGS (1916, page 65, paragraph 8) has given the following general 
formulae covering this case. If at the beginning of random mating the 
population consists of r AA +s Aa+t aa, then in any following generation :* 


4I have made the corrections suggested by the author. 
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JENNINGS 
aa (=t) =(s+2t)? bi=(p + 39)? 
(aa) (Aa) (Aa) (AA) 
Aa (=s) =2(s+2r)(s+2t) q=2(p + 49) (29 +7) 
(Aa) (AA) 
AA (=r)= (s+2r)? = n=(3¢ + 1) 

By comparison of the two sets of formulae worked out by JENNINGS 
and by Younc it will be seen that they essentially correspond. 

What bearing, if any, does the disturbance in ratios observed in these 
experiments in inbreeding have upon the proportions of white to yellow 
in the general population? I am of the opinion that the continual out- 
crossing that takes place in butterflies flying in the fields, generally covers 
up the recessive lethal factor closely linked with yellow, so that the 
lethal, though producing irregularities, does not materially affect the 
proportions of white to yellow. The computations made by Doctor 
Youn, therefore, are not invalidated by the lethal factor. 

Twelve samples of wild broods of C. philodice and four of C. eurytheme 
are reassembled in the following list. 


C. philodice C. eurytheme 
Ww ww Ww ww 
1908 2 3 3 1913a 29 24 57+1 gynandro- a 
19091a 7 16 39 b 27 20 49 morph a 
ic 2 1914y 13 15 29 
1910a 6 9 18 19161 62 53 109 a 
b 22 28 79 Total 131 112 244 


c 8 8 24 
13 30 
191la 8 17 28 
B 13 11 25 
y 28 21 42 
1919 A 3 4 1 
1920 ¢ 1 3 5 


Total 116 140 . 307 


It is evident that in C. philodice there is a shortage of white (116 white, 
140 yellow); in C. eurytheme a shortage of yellow (131 white, 112 yellow). 
Hybrids between them (see table 1) show an even balance (100 : 100). 

Of the twelve broods of C. philodice, white is deficient in eight, yellow 
in only three, which certainly is no indication of disturbance in the general 
population by a yellow-linked lethal. 
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Two of the eight broods showing a minority of white females, approach 
a 2:1 ratio, namely, 1909, 1a=7 white : 16 yellow, and 1911, a=8 white : 
17 yellow, suggesting that both parents might have been heterozygous for 
a white-linked lethal, but the numbers are small and the nature of the 
strains was not analysed by further breeding, except in one case which 
disclosed no lethal disturbance. 

The data as a whole indicates that in C. philodice white is a little less 
viable, in C. eurytheme a little more viable, though it is uncertain whether 
the strains with which I have worked fairly represent the whole species 
to which they respectively belong. 


BREEDING EXPERIMENTS WITH OTHER SPECIES OF COLIAS 
Colias christina Edw. 


Colias christina of southwestern British America and the northwestern 
United States immediately east of the Rocky Mountains, presents the 


most bewildering variety of colors of any American stock of this highly . 


variable genus. Whether or not, as seems to me probable, this species is a 
hybrid between the widely distributed orange Colias eurytheme, and a 
sub-arctic, yellow, univoltine species with white female, like C. pelidne or 
C. scudderi, breeding experiments carried on by Mr. THomas E. BEAN at 
Laggan, Alberta, in 1891, prove that C. christina is a complex heterozygote 
for factors that determine the ground color (orange in different degrees of 
intensity, versus clear yellow, in both sexes; orange, or yellow, versus 
white, inthe female). Variations in the color pattern of the female range 
from a broad black border, as in C. eurytheme, to none at all or the merest 
vestige of one, as in C. pelidne and C. scudderi. 

The unpublished results of Mr. BEAN’s investigations, as shown in his 
notes upon seventeen families from lots of eggs from wild females of 1890 
that with remarkable skill he brought through the winter into the adult 
stage (June 29 to July 15, 1891), are of great interest to students of 
genetics. With Mr. BEAN’s permission I wish to call the reader’s attention 
here to the phase of this work that falls within the scope of the present 
paper, namely, the inheritance of the factor for whiteness in the female, 
which is shown in table 7 compiled from his notes. 

It will be seen that the white females are uniformly heterozygous, 
producing equal numbers of heterozygous white and recessive yellow 
daughters. 

Recessive yellow mothers are equally likely, according to these data, 
to breed true to yellow (the male in this case being homozygous for yellow), 
or to produce white and yellow daughters in equal numbers (the male in 
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the latter case being, presumably, heterozygous for white-yellow female 
coloration). 

In only one family, 13, which I have accordingly omitted from the 
table, is there apparently any difficulty in classifying mother and daughters 


TABLE 7 
Female offspring of Colias christina bred by Mr. Tuomas E. BEAn at Laggan, Alberta. 


MOTHER DESIGNATION OF BROOD WHITE FEMALES “YELLOW FEMALES 
White 3 10 10 
5 14 7 
6 7 3 
8 1 2 
17 2 3 
Total 34 25 
Yellow 1 7 4 
7 2 2 
9 2 7 
10 2 6 
11 7 5 
Total 20 24 
Yellow 12 5 
14 5 
15 4 
16 5 
18 3 
Total 22 


as white or non-white. The mother is described in the notes as “pale 
-brownish-white with a yellow element.’’ Her daughters are described as: 


Greenish white 2 
Milk white 1 
Nearly white 2 
Pale brown-white without yellow 1 
Pale brown-white with yellow, “buff” 9 
Yellow 1 


16 
In this family No. 13 we probably have the result of interaction betweee 
more than one pair of factors, producing a series of intermediates between 
the clear white and yellow. In only one species of Colias that I havn 
examined have I found such a tendency toward continuity between white 
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and yellow wing color, namely, Colias interior. In C. philodice and C. 
eurytheme, though the white is in many cases suffused with yellow, due 
probably to secondary hereditary factors that control this yellow flush, 
the break between white and non-white is almost without exception 
abrupt. 


Colias myrmidone Esp. 


The breeding experiments of Preszczek (1917) and his associates on 
the alba variety of C. myrmidone of Central Europe, which much resembles 
in normal coloration and its variations our C. eurytheme, show that homo- 
zygous white females occur in the mountainous regions of Upper Styria. 
Here a majority of the females in certain localities are white. Alba, 
however, is rare in the Austrian lowlands north of Styria (including 
spurs of the Austrian Alps and the region of Vienna), and nearly or quite 
lacking in the myrmidone population further north and west, i.e., Bavaria 
(Regensburg, on the Danube), Bohemia, Moravia (Briinn). 
Homozygous as well as heterozygous whites have been shown to occur 
in the southern, mountainous part of the range of the species; heterozygous 
whites occur in the lower altitudes of the same region (near Graz), from 
which no homozygous whites are on record. Passing northward into the 
valley of the Danube, the heterozygous alba becomes rarer, and finally 
is exceedingly rare or disappears entirely from the myrmidone population 
on the great plains of Bohemia, Moravia, and the upper Danube. 
Alba females from the mountainous parts of Upper Styria (Zeltweg 
and Gleisdorf) gave: 
(6th culture): 77, 119 9, all alba, 
(11th culture): 197, 19¢ 9, all alba, 

while a heterozygous white from the same region gave 
(17th culture): 287¢, 1899 alba, 179 ¢red. 

At lower altitudes near Graz, alba is rarer, but a sample of the population 
taken in the field by Dr. ZwEIGELT showed 22 percent of alba females 
(33 red¢ ¢, 7 yellow or “intermediate”? ¢, 11 alba 99). The following 
broods raised by PreszczEk from alba¢ ¢ from this region prove that there 
the white females are commonly heterozygous. No broods from homozy- 
gous white females are, in fact, recorded. 

( 7thculture): 6¢¢,1 whitee, 4red¢¢ 
(10th culture): 147¢,9 whitee 9, 5red@ 
(12th culture): 7 whitee 9, 1 red¢ 

(13th culture): 57¢,4 whitee 9, Sred9¢ 
(18th culture): 107¢,2 whiteo 9, 4red¢¢ 


23 white? 9,19 red? 
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Several all-red broods from red females of the Graz region are described, 
and one lot from several red females from the mountains (Zeltweg, 16th 
culture) was evidently a mixture of the progeny from different mothers, 
one of which had mated with a male heterozygous for white, others with 
males homozygous from non-white (yellow). This mixed lot contained 
674, 10 white ¢, 42 cadmium (dark) yellow? 9. It is beyond the scope 
of the present paper to discuss the inheritance of yellow versus orange, but 
interesting to note that a yellow (non-red) variety of C. myrmidone (ab. 
schwabi) occurs which is comparable to C. eurytheme eriphyle of the north- 
western United States and British Columbia. Yellow females in the 
mountains of Styria are said to stand next to the white in numbers, and 
a remarkable intermediate between white and yellow is sometimes found 
(ab. pieszczeki). 


WHITE WING COLOR AND CLIMATE 


SCUDDER (1889) says in regard to the white variety in Colias philodice: 


“In the north this rarely, almost never, occurs in the first brood of the 
season, and is found much more abundantly in the latest than in the middle 
brood, the numbers increasing as the season advances. In the south, how- 
ever, if we may follow Epwarps, it occurs not infrequently in the spring 
brood, but . . . it is not impossible that the same rule holds in the south 
as in the north.” 


This erroneous opinion of SCUDDER that the white female is nearly or 
quite limited to the second and third broods of the season is an illusion 
probably explained by the fact that butterflies of the spring brood in this 
species are much less abundant than those of the two later broods. 
Hibernating, as the species does, in the caterpillar stage, and unable 
to withstand a temperature much below freezing, the winter mortality 
is enormous, and, after an open winter when the roots of the grass among 
which the hibernating caterpillars rest are unprotected for long periods 
by any covering of snow, the spring brood is so reduced in numbers as to 
be noticeably rare. In the spring of 1916, for example, I saw no wild 
C. philodice at all until May 21, when one male was observed, and there- 
after occasionally one or two males, until June 2, when the first female 
was seen, the species not becoming abundant until the third brood 
appeared. When one recalls that white females comprise only a very 
small proportion of the female population, it is of course evident that in a 
season like the one mentioned, females of the rarer variety might not be 
observed at all in the spring, but would be more and more in evidence as 
the species increases in abundance in the summer and autumn broods. 

A few observations bearing upon this point taken from my field notes may 
be of interest. In 1911 three caterpillars (of known parentage) had sur- 
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vived the winter at the roots of white clover plants covered with a box 
upon a lawn, were found alive on April 27 and pupated May 5 and 6. 
All of the numerous other caterpillars protected by boxes upon the same 
lawn failed to survive, and the surrounding clover unprotected by boxes 
was winter-killed. On May 17 one white female and one male emerged 
from these chrysalids. 

Wild males, however, appeared in the fields on May 8, and were abun- 
dant on May 14. About a hundred were seen on May 16 and with them 
five females, two white, three yellow. On May 17 three white and nine 
yellow females were caught, the former being kept for breeding. 

1912. Colias philodice first appeared on May 26. On May 27, one 
white female and two males were caught and a few other males were seen. 

1913. Colias philodice appeared on May 30. On June 2, not yet 
abundant, but three yellow females were caught; four more yellow 
females on June 4, one white female on June 5. 

The spring brood was abundant in 1914, rare in 1915 and 1916. The 
first males in 1914 were seen May 16, in 1916 on May 21, in 1921 on 
May 9. 

These notes corroborate my earlier observations that white females 
do occur in the spring brood and that this generation is reduced to rarity 
in this cold climate after certain winters. 

W. H. Epwarps (1882) refuted ScuppER’s erroneous statement 
quoting from his own great work on the Butterflies of North America, 
volume 2 in regard to C. eurytheme as follows: 

“‘Albinic females appear in every brood, as in philodice. In that species 
(philodice) these females are as common in the early spring brood as in any 
of the later ones; and judging by the number of albinos received by me from 
many quarters, the same is true of eurytheme.” 

And he adds evidence showing that “albinic females do appear in the 
early spring brood, in New York as well as in West Virginia.” 

No evidence has come to my attention that altitude and climate have 
any direct or indirect effect upon the distribution of the white female 
variety in either C. philodice or C. eurytheme, comparable to that which 
has been described in the previous chapter for C. myrmidone. The white 
female variety of the last-mentioned species outnumbers the non-white 
in the Austrian Alps, but is rare or absent in the Austrian lowlands. This 
fact suggests that in C. myrmidone, climate, either indirectly through 
natural selection or, less probably, by direct action, controls the relative 
proportions of the two female varieties in the respective populations. 
STANDFusS (1913) makes the statement that in his experiments on the 
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direct effect of cold upon pupae exposed to low temperatures at the 
critical period for the modification of wing pigments: 

“Kalte gestaltete Colias myrmidone Esp. in einem erheblichen Bruch- 
theil der weiblichen Individuen zu Ab. alba Stgr. um, wihrend das Orange der 
Mannchen nach Gelb hin abgestumft wurde.” 

But no detailed account of this experiment is given stating that any 
control cultures were bred for comparison or that he knew anything 
about the genetics of the stock he was breeding, so we may well doubt 
whether exposure to cold had anything to do with the occurrence of a 
considerable proportion of white individuals among the females emerging 
from the pupae which he employed. That the orange of the males was 
reduced somewhat toward yellow seems, in the light of my experience 
with C. eurytheme, more probable, though not certainly demonstrated. 

It would be of great interest to get more information in regard to the 
climatic effects upon this and other variations in wing color in this genus. 
Arctic species like C. pelidne and C. scudderi of British America have white 
females only, while C. interior, a subarctic species distributed in northern 
Canada from the Rocky Mountains and the northern shores of Lake 
Superior eastward to the Atlantic, has both types of female, though the 
white appears on the whole, according to SCUDDER, to be the more com- 
mon. Two females of this species caught at the southern limit of their 
range in the New Hampshire mountains (Moosilauke) on July 25, 1921, 
were intermediate in color between white and yellow, unlike philodice, 
in which the difference between the two varieties of females is clear-cut. 

The typical female of C. palaeno of Northern Europe is white, but in 
the Alps yellow varieties occur. In this species the yellow-white reaction 
in the wing pigments appears to depend much upon climate, for in Lapland 
even the male is white, and yellow, so far as I am aware, never occurs in 
that locality in either sex. In Germany and Northern Switzerland, the 
intermediate part of its range, the female is white and the male yellow, 
while in the Southern part of the Alps (Southward from the Simplon), 
according to PRELL (1915), only the yellow females occur. STANDFUSS 
(1913), furthermore, has found that in Rhodocera (Gonepteryx) rhamni 
L., in which the male is bright yellow, the female white, male wing color 
may be modified slightly by cold into a paler color, whereas the white 
color of the female may be more markedly transformed by high tempera- 
tures into yellow. 

That cold has a similar inhibiting effect and heat a stimulating effect 
upon the development of yellow wing pigment in C. philodice has often 
been demonstrated in my cultures, but it is very slight as compared with 
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the promotion of the development of orange-red in C. eurytheme by heat, 
and of melanic pigment in both species by cold. The hereditary factor 
that determines white or yellow pigmentation in the females of these two 
species, however, is far more effective than heat or cold, the effects of 
which are comparatively slight and fluctuating. 


COMPARISONS WITH PAPILIO 


As my work on inheritance of the two female varieties in Colias pro- 
gressed, resemblances became more and more evident between this case 
and that of two tropical species of Papilio which have respectively three 
forms of female. These are Papilio memnon, bred by JAcoBsoN (1909), 
and discussed from the point of view of genetics by DE MEIJERE (1910), 
and P. polytes, which has been somewhat more fully investigated by Pun- 
NETT (1910, 1915) and FREYER (1914). 

These resemblances are briefly three: (1) there is only one variety of 
male, but each male carries the genes for one of the two, or three, types 
of female; (2) one of the types of female roughly corresponds in ground 
color to the male, and may be called for convenience the male-like form. 
This in every case is a simple Mendelian recessive to the other one or two 
female types; (3) The dominant female types are alleged “mimics” of 
other species in their own genus (Papilio), while the dominant type in 
Colias shows a superficial resemblance to other (white) Pierids, and in 
the field may easily be mistaken for them. The inference is that resem- 
blances are due to comparable genetic factors acting upon similar pigments 
with somewhat similar results, and that these particular cases of mimicry 
or pseudo-mimicry have no particular selective or protective value. 

Discussing each of the points noted above we may turn (1) to the 
conclusion that there is in Colias only one type of male. In my earlier 
paper (GEROULD 1911) I brought out the fact, well known to entomolo- 
gists, that white males exist, and I then assumed that they correspond to 
the homozygous white females, which I had not at that time bred and 
which I regarded as usually non-viable. Hence, I believed that white 
should be regarded as recessive in the male, yellow as dominant, the 
reverse of the situation in the female. More recently I succeeded in 
breeding for several generations stock probably containing homozygous 
white females, and found that males homozygous for white female colora- 
tion are yellow. GoxpscHmipt (1912), accordingly, was right when he 
held that white males should be produced only by a mutation that is 
entirely independent of the genes that determine the coloration of the 
female. 
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(2) The male-like type of female in P. polytes differs from the male 
in ground color by being slightly less intensely melanic. In Colias like- 
wise the yellow ground color of the female is slightly less intense. The 
color pattern of the male and male-like type of female in P. polytes is 
practically identical; in Colias, while the color patterns of male and 
female are quite different, the dimorphic females have the same color 
pattern and differ from each other only in ground color. In P. memnon 
the recessive male-like female is highly variable and not closely male-like, 

TABLE 8 
Polymorphic females of Papilio and Colias. 


DOUBLE-DOMINANT 


VARIETY 


SINGLE-DOMINANT VARIETY 


MALE-LIKE RECESSIVE 
VARIETY 


Papilio memnon 


P. polytes 


var. achates 
(“‘mimic”’ of coon?) 
var. romulus 
(mimic”’ of 
P. hector) 


agenor 


polytes 
(“mimic”’ of 
P. aristolochiae) 


laomedon 


cyrus 


Colias philodice 


C. eurytheme 


pallidice (white), yellow 

alba (pseudo-mimics orange 

of Pieris rapae and 
P. oleracea) 


AAbb 
Aabb 


ypes of Papilio 


Aa 


Types of Colias { AA aa 


being less intensely melanic and showing a spotted pattern which in 
males is nearly, or, in some individuals, quite obscured by the deeply 
melanic pigmentation. In all three species under consideration, however, 
the most male-like variety of female is recessive to other female types. 

(3) The dominant female types of Papilio polytes are regarded as 
mimics of other Papilios in the same general regions in Asia, supposedly 
protected from the attacks of birds because their larvae feed on a poisonous 
Aristolochia. The tailed double-dominant type of memnon, achates, 
was regarded by WALLACE as the mimic of P. coon. Whether or not 
the latter species is protected from the attacks of birds and is a genuine 
example of mimicry, which, DE MEIJERE states, has been opposed on good 
grounds, the resemblance doubtless exists. Further, a long series of field 
observations on Coliads has impressed the fact on my mind that the 
dominant white female variety is a most excellent mimic of Pieris rapae 
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and closely allied cabbage butterflies, though neither are regarded by 
anyone, so far as I know, as examples of “‘protective mimicry.” We 
have here a case which follows to the letter WALLACE’s rules of pro- 
tective mimicry except that it exists between ‘“‘unprotected”’ species. 

The conditions under which WALLACE claimed that mimicry occurs, 
are well met by the white female of Colias philodice except that no warning 
colors are involved, likeness to the white species of Pieris being due to 
essential identity in the chemical nature of the pigments, based on a 
common genetic origin. The supposed imitators occupy the same region 
as Pieris rapae; they “are always less numerous in individuals”; they 
“differ from the bulk of their allies’; and the imitation is superficial. 
The same facts are probably true of the white female of various species 
of Colias in various parts of the world, and yet, of course, no one appeals 
to natural selection to account for this striking case of resemblance. No 
good models for P. memnon have been discovered, and PUNNETT has 
shown how imperfect are the resemblances between the two dominant and 
probably primitive types in P. polytes on the one side and their two 
Aristolochia-feeding relatives that belong to another branch of the same 
genus. 

Each case of “mimicry” should be studied by itself, for under this 
comprehensive term are included a vast array of resemblances among 
forms most diverse. Probably similarity of mutating genetic factors is 
not the only explanation that we need for these interesting phenomena, 
about the physico-chemical conditions, internal and external, under which 
they appear, we know so little, but for the mimicry theory to stand upon 
its feet its proponents should prove that “warning” colors warn to such an 
extent that for a near relative to lack them would be fatal, or at least 
lessen its chances of perpetuating its phenotype, a very difficult propo- 
sition indeed. I have been amused, while staying at the summit of Mt. 
Moosilauke (White Mountains, New Hampshire), in watching a finch, 
Junco hiemalis, feed on the swarms of “highly protected” wasp-like 
Syrphus flies that rested and sunned themselves in vast numbers on the 
rocks. Their fancied protection seems much more obvious than that 
ascribed to whole groups of butterflies. 

The general conclusion is reached that a remarkable similarity obtains 
between these examples of inheritance of female polymorphism in Papil- 
ionidae and Pieridae, which have been established by a simple genetic 
process, namely by the appearance of mutations involving one or two 
pairs of Mendelian factors. There is no evidence that natural selection 
has had any definite selective influence in the origin of the varieties, or 
that mimicry has been involved. 


| 
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If one may venture cautiously into the field of phylogenetic speculation, 
some fairly cogent reasons can be stated for regarding the dominant 
female types in both Colias and Papilio as possibly the more primitive. 
Achates, the double-dominant female of P. memnon, has wing-tails; the 
two types recessive to it (agenor and laomedon) lack them. Most modern 
Papilios have wing-tails, so that agenor and laomedon may be reasonably 
regarded as having sprung from achates by losing the wing-tails. It may 
be hazardous for one who is not an expert in this genus to assert that 
achates has also a generalized pattern, but I would call the reader’s 
attention to the remarkable resemblance of the color pattern of achates 
to that of the double-dominant female variety in polytes (i.e., romulus). 
The black forewings suffused with gray and the central white spot upon the 
hind wings are striking features that they possess in common. Roughly, 
achates looks like a very much enlarged romulus lacking some of the 
reddish markings of the hind wings but having a dash of the same pig- 
ment on the shoulders. This suggests the possibility that the double- 
dominant pattern which achates and romulus have in common may be 
the most primitive of all these various types, and that the others may 
have arisen from it by the sudden appearance of recessive genes. 

The white female of Colias likewise was regarded by STANDFUSS 
(1896) as more primitive than the yellow, since the ground color of 
many of the Pieridae is white, which is the color of the monotypic female 
in certain arctic species. STANDFUSS concluded that, from this white 
primary type, the male individuals of many species first became yellow, 
and were later followed by the females, in the evolutionary process, 
which in the main was saltatory. 

“Die Weibchen dieser Arten nahmen die gelbrote Grundfarbe wohl 

erheblich spiter als die minnlichen individuen an und gingen mit grossen 
Sprung, indem eine gelbe Zwischenstufe, wie es scheint, ganz wegfiel, aus 
der weissen Form direkt in die orangefarbene iiber.”’ 
The exceptional white females of the yellow-red species, he concludes, 
are to be regarded as reversions to, or relics of, the more primitive female 
type. If this is true, and it seems to the present writer plausible, evolution 
has proceeded by the acquisition of recessive factors that change the 
uric acid derivatives (to which Hopkins (1894) has found these pigments 
to be due) from white to yellow. 

The results obtained from P. memnon and P. polytes differ in one 
important respect. In the former no type of female produced more 
than two kinds of female offspring, e.g., like itself and like one of the 
varieties recessive to itself. P. polytes, on the other hand, produced in 
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FREYER’s (1914) experiments nine broods containing examples of all 
three varieties, and this occurred in one case in which the female was of 
the recessive, male-like type but had evidently mated with a male hetero- 
zygous for the factors of both dominant forms. FREYER’S observations 
were more extensive than JACOBSON’s, and it is quite possible that more 
complete data on P. memnon may bring it into line with P. polytes in this 
respect. 
De MEIJERE (1910) proposed the following scheme for the genetic 
constitution for females of the three types in P. memnon: 
Achates (dominant) Agenor Laomedon (male-like recessive) 
Ach. Ach Ag. Ag E.L 
Ach. Ag Ag. L 
Ach. L 
GOLDSCHMIDT’S original modification of this scheme consisted in the 
substitution of G’, G', G, for Ach., Ag., and L., assuming a series of muta- 
tions in a single pair of factors representing the female coloration, namely, 
the recessive (male-like) pattern GG becoming G'G', or GG’, or hetero- 
zygous combinations of these factors. Moreover, the female was assumed 
to be always heterozygous for another factor representing the complex of 
male secondary sexual characters, A, namely, Aa, for which the male is 
always homozygous, AA. This factor he regarded as closely linked with 
the sex-determining factor (in the same chromosome) so as to be practically 
identical with it and, being epistatic to G in homozygous combination, the 
male (always AA) never shows the factors of the particular latent female 
type which it carries. These appear only when AA is reduced to Aa, 
that is, in the female organism. 
GOLDSCHMIDT’s representation of the females was therefore 
Achates Agenor Laomedon 
| CG G'G! GG 
G'G 
\@G 
The males correspond except for the additional factors AA. Simplified 
slightly this amounts to: 
Achates Agenor Laomedon 
G'G' GG gg 
G'G Gg 
G'g 
GoLpscHMIDT’s scheme, while accounting for the possible occurrence 
of all three types of female in one brood, failed, as pointed out by FREYER 
(1914), to explain the occurrence in P. polytes of three types in the brood 


L 
4 
4 
q 
4 
4a 
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when the complete recessive (laomedon of P. memnon) is crossed with any 
of the other types. FREYER obtained matings of this sort that gave 
in each case the three types of female. Accordingly, GoLpscHMipT’s 
hypothesis broke down at this point, and two pairs of factors are necessary 
to explain all the facts presented by FREYER’s results, as PUNNETT (1910) 
had assumed on theoretic grounds (though assuming the male-like type 
to be dominant rather than recessive, as it later proved to be), as well as 
Baur (1914), whose scheme applicable to both forms is as follows, A and 
B here referring to the interacting factors of female coloration. 
Achates Agenor Laomedon 
or or or 
Romulus Polytes Cyrus 
AABB AAbb aaBB 
AABb Aabb aaBb 
AaBB aabb 
AaBb 
Under the same scheme Colias would be: 
White Yellow 
AA aa 
Aa 
It is understood that in the male other factors, determining its own 
coloration, are epistatic to these and render them latent. 

It is this scheme which FREYER (1914) and Punnett (1915) employ. 
It fits fairly well all of FrEyER’s data as well as those of JAcoBsON (DE 
METJERE 1910). FREYER supplements the hypothesis by assuming that 
the male is always heterozygous for an inhibitor Pp (Ji, PUNNETT 1915) 
which prevents the appearance of the female coloration, i.e., the expression 
of the factors that determine it, while the female, pp (or iz) is always 
recessive for this factor. 

The simpler explanation advanced by BAuR, PUNNETT and FREYER 
has since been adopted by GoLpscHMipT (1920). 


SEX-CONTROLLED CHARACTERS IN Argynnis paphia AND Bruchus quad- 
- rimaculatus 


GOLDSCHMIDT and FiscHER (1922) have recently described the heredity 
of a mutation in wing color in the female European silver-spot butterfly, 
Argynnis paphia. This somewhat “melanic” variation of the typically 
yellowish brown female is called valesina. Like the white variety in 
Colias, it depends upon a single dominant factor affecting the ground color 
of the wings. 
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Valesina occurs with the typical yellowish-brown female over the 
greater part of the palearctic realm. In the mountains of north China 
all females are valesina; eastward the proportion of black females to brown 
in the general population diminishes, and on the low plains of Central 
Europe valesina is rarely found with the type female, nor is it represented 
in North Africa and Japan. But in the Ukraine and in northeastern 
Germany it occurs in a somewhat high proportion; while in west Germany, 
some parts of France, and in the mountains of southern Switzerland, it is 
not rare. 

With great skill and patience FiscHer bred in Zurich (1915-1919) four 
lines of stock from a single valesina female from northeast Germany 
(K6nigsberg). 

Its mode of inheritance is very similar to that of the white variety 
in Colias philodice and C. eurytheme. The male is uniformly like the 
typical yellow-brown paphia female, but it may be genetically either 
VV, Vv or vv for female coloration. 

Nine combinations of the three genotypes of the male with the three 
of the female are possible. Six are represented in FISCHER’s cultures. 
They are as follows: 

9 w Xo w gave 16 families, all paphia (except one waif). 

9 Vo gave 5 families: 104 wv (paphia) +68 Vv (valesina) females. 
9 wxXo VV gave 3 families: 168 Vv, all valesina (except one waif). 
w gave 11 families: 357 Vo females. 

9 Vv gave 13 families: 143 00 +367 (VV +Vv) females. 

9 VuxXo VV gave 1 family: 21 (VV +Vz) all valesina females. 

Only once did a Vv (valesina) ° produce exclusively valesina daughters, 
having mated with a VV ~. Homozygous valesina females did not 
appear as the mothers of distinct broods, though they were demonstrable 
as mothers of certain mixed broods, assuming that the wild fathers were 
vw. Hence VV is not lethal even in the female, but it may be semi-lethal 
or “relativ empfindlich,” according to GoLpscHMipT, as the shortage 
of valesina shows (Vv XVv gave an average of 2.57 valesina: 1 paphia, 
versus 3:1, and a shortage of. Vv occurs in the cross 9 w Xo V2). 

A study of GoLpscHmipT and FIiscHER’s (1922) VvX Vv families shows 
that if we exclude three closely related fraternities: G, (23), (35), the re- 
maining ten give a very close approximation to the 1 : 3 ratio, namely, 56 
vv : 173 (Vv+ VV), cf. 57,25 : 171.75, expectation. Of these three excep- 
tional families, G, which is exactly midway between 1:3 and 1:2 
(namely, 30 w : 73 (Vv+VV)) produced a strain in which (23) = 30 ov +60 
(Vv+(VV?)) and (35) =27 w+61(Vvo+VV?) arose by Vox Vo matings. 
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These clearly 1:2 ratios strongly indicate the action of a definite lethal 
factor linked with V, brought out by the inbreeding. The data from 
FiscHER’s Stammbaum (GoLpscHmipt and FIscHER 1922, pp. 269-273) 
showing how this took place are given in the diagram on page 540. 

Family (23) =300+60Vv arose from a VvyXVv mating between two 
parents belonging to family (10) all of which were Vv, which came from 
a vv¢@ of family G mated with a male that must have been VV. Therefore 
G does not show the full effect of the lethal factor, which may there 
appear “‘semi-lethal,”’ hence the equivocal ratio. 

Family (35) =270v+61Vv similarly arose from a Vv X Vv mating from 
parents belonging to a wholly Vv family (19), produced by a VV ¢ (from 
family G)'mated to a v9. 

This strain evidently carried a lethal factor closely linked with V. 
VV is so clearly strictly lethal and not semi-lethal in families (23) and 
(35), judging by the ratios, that one may doubt whether the shortage 
of VV individuals in G was due to the lethal factor. 

GOLDSCHMIDT advances a physiological theory in explanation of sex- 
controlled heredity. Either (1) the chemical constituents necessary for 
the realization of certain genes are lacking in the male, though the genes 
are present, or (2), as seems to him more reasonable, at the moment of 
the development of wing pigment when a sex-controlled factor is about 
to play its part, differentiation in the male has already reached a point 
at which no further change is possible. Differentiation in the female, on 
the other hand, is not yet so far advanced, and the organism is therefore 
susceptible to the action of the genetic factor. 

BREITENBECHER (1921) has recently discovered in the cow-pea weevil, 
Bruchus quadrimaculatus, sex-limited variations in the female. A series 
of multiple allelomorphs in body and elytral colors has been brought 
out by inbreeding: red, black, white and tan, stated in order of dominance, 
the ultimate recessive, tan, being the normal type. The males while all 
alike as regards their non-spotted, tan-colored elytra, resemble their 
respective females more or less in body color. Thus, the elytral coloration 
of the female is strictly sex-limited; body color in the female is only 
partially sex-controlled. 

When these four varieties were first bred, the four elytral spots of 
the female were invariably black, whatever the ground color, but recently 
BREITENBECHER (1923) discovered a red-spotted female in pure red stock. 
Red-spotting was found to behave as a simple dominant to black-spotting. 
He has been able to combine red-spotting with each of the allelomorphic 
series of colors affecting body and elytra. 
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No unusual ratios are reported in these results, which are remarkably 
regular. 

An interesting series of somatic variations in female coloration,—uni- 
lateral changes in elytral color, whereby one elytron takes on a color 
epistatic to that of its race-color and normal elytron,—has also been 
reported by BREITENBECHER (1922). Thus 22 black females were found 
that had one red elytron, 7 tan females with one black, one tan female 
with a single white elytron; and one white female with an elytron of black. 
These local somatic changes are ascribed to local nuclear or chromosomal 
mutations, similar to the corresponding mutations in germ cells, but they 
are not inherited. 


SOME FACTS AND PROBLEMS OF SEX PHYSIOLOGY. COMPARATIVE 
VELOCITY OF DEVELOPMENT 


The precocity of the male, as compared with the female, has often been 
observed in Lepidoptera and is well-marked in Colias. Attention was 
called to it in my preliminary paper. Males regularly appear in the 
field earlier than females, and in each laboratory culture the majority 
of the first half of each brood to emerge from the chrysalis, as a rule, are 
males. The male feeds for a shorter period, completing its larval develop- 
ment earlier, as a rule, than the females. 

In Papilio rutulus, however, according to Munson (1906), females 
appear before the males, but testes develop earlier than ovaries. The 
sex cells of the testis of the male caterpillar were ‘‘in the spermatid stage” 
when the oldest egg in the ovary of the female caterpillar was in the “‘first 
stages of growth,” mature spermatozoa being developed as early as the 
middle of the pupa stage. 

DeEMOLL (1908), on the authority of TrrcH, states that in Argynnis 
males appear 8 to 14 days before females; in Pararge, 14 days. In the 
genera Apatura, Euripus and Hastina the males are flying, according to 
SEITz (1894), weeks before the first females appear. 

It is well known that in certain moths the female moults once more than 
the male. This is true of the genus Notolophus (Orgyia), as shown by 
the following table compiled from Tutt (1900): 


Number of moults Authority 
Male Female 
N. leucostigma 3 4 RILEY 
N. gulosa 3-4 4 Dyar 
N. antiqua (U. S.) 5 6 Dyar 
N. antiqua (England) 3-4 4-5 CHAPMAN 
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CHAPMAN (1887) says in regard to N. antiqua, a propos of the fact 
that the male emerges from the pupa a few days before the female, 


“If we consider only the 4-moulters, consisting of both males and 
females, this is not so, but if we associate them in this order—(1) 3-moulter 
males, 4-moulter females, (2) 4-moulter males, 5-moulter females, we find 
that the usual rule of the males emerging first is observed.” 


He adds that 


“the male, though feeding as larva a shorter time (being a smaller insect), 
remains a longer time in the pupal state than the female, apparently re- 
quiring a longer time to undergo its full development.” 


The last statement is true of the honey-bee, in which the drones appear 
from one to four weeks before the females. BENTON (1899) gives the time 
required for development as follows: 


Ege Larva Pupa Total 
Queen 3 54 7 153 days 
Worker 3 5 13 21 days 
Drone 3 6 15 24 days 


It thus appears that, although the sexes in insects differ in their velocity 
of development, the early appearance of the males does not necessarily 
imply a more rapid, and may even be associated with a slower, develop- 
ment. In the case of Notolophus, it involves one less moult. 

A very remarkable case of this sex difference in the apparent velocity 
of development occurred in HaARrtson’s (1920) hybrid cross between 
two geometrid moths, Oporabia autumnata ¢ (38 chromosomes) X 
O. dilutata ¢ (30 chromosomes), in which the F, females (with no ovaries) 
emerged three months before the males. 

These females were more like dilutata in appearance, patroclinous, 
the males intermediate. HARRIsoN draws the obvious conclusion that 
the time of emergence of the mature insect depends upon the time of 
completion of gametogenesis. 

In Drosophila melanogaster, it is well known that the female is slightly 
precocious, and in consequence has a slight advantage in the sex ratio, 
exactly the converse of the case of Colias. But in Drosophila funebris, 
STURTEVANT (1918) states, the reverse is true. This species resembles 
in this respect Colias philodice and C. eurytheme. ‘Males usually emerge 
in a little less time than the females” and “an excess of males is more 
frequent than excess of females.” The disparity in the sex ratio in 
Drosophila, however, is much less than in Colias, due doubtless to the 
fact that Drosophila suffers much less from infectious diseases such as 
those which greatly affect the sex ratio in Colias by eliminating more of the 
slowly maturing females than males. 
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Hybridization of different species of Oporabia, as we have seen, not 
only changes profoundly the sex ratio but results in the precocious develop- 
ment of the female, owing to the non-development of the ovaries. In 
Colias, I have observed a similar though less well-marked tendency in 
hybrid crosses between C. philodice and C. eurytheme. 

The sex ratio in a large healthy brood of either C. eurytheme or C. philo- 
dice approaches equality, with a slight excess of males. Thus families of 
C. eurytheme in early summer, in which the death rate from disease was 


comparatively small, were as follows: 
Males Females 


In 1913, a 57 53 and one gynandromorph 
b 49 47 
c 214 206 
In 1914, x 149 136 
y 29 28 
In 1916, I 102 115 
Total 600 585, a sex ratio of 1.025 


In C. philodice families likewise raised from wild females in early 
summer (1909, 1910) gave a sex ratio of 1.4. Five broods produced by 
inbreeding in 1919 and 4 in 1920 gave a sex ratio of 1.026. Males were 
in excess in 6 of these 9 broods. 

Males in both species are normally precocious, that is, the male members 
of any family emerge from the chrysalis earlier than their sisters. Simi- 
larly, the males appear in the field earlier than the females of their own 
generation. I have found that these well-known facts are due not to an 
earlier laying of male-producing eggs, but probably to a greater rapidity 
in the development of the male as compared with the female. 

Hybridization of C. eurytheme with C. philodice sometimes upsets 
both the normal sex ratio and the usual precocity of the males. In other 
words, the females tend to appear earlier than the males and in greater 
numbers. This has occurred only in the cross C. eurytheme 2 XC. philo- 
dice #, and, even in that case, not regularly. Yet it has been observed 
often enough in this cross, and is such a rare exception to the general 
rule, that it merits especial notice. The F; hybrids of C. eurytheme 
9XC. philodice ¢ raised in the fall of 1912 were almost exclusively 
females. 


Family Females Males 
1912, a 11 1 (the last to emerge) 
b 4 1 
c 3 0 
e 1 0 
Total 1999 
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In families of similar origin in 1913 (o and p) no marked precocity or 
abnormality in the sex ratio occurred, although in 1913, 0, seven of the 
first nine to emerge were females. Nine of the first eighteen, however, 
were males. A similar family, 1913, v, showed a normal precocity of males. 
But in 1914 the same tendency to produce an excess of females, with the 
early appearance of individuals of that sex, recurred, being shown to 
remarkable degree in the only example of this particular cross (C. eury- 
theme 9° XC. philodice #) raised that season, namely, d: 34 females, 
20 males. Of the first 20 to emerge, 13 were females, only 7 were males. 
Families of the reciprocal cross raised at the same time gave the normal 
masculine precocity and excess in numbers. 

It is possible that the partial sterility of the male F; hybrids may 
furnish a clue to the absence in their own generation of precocious males. 
The males of such families may be less viable than the females, and 
hence the embryos or larvae that should become the early-appearing males 
of the brood may perish before maturity, allowing a female detachment 
of the family to come first. The same idea may account for the fact that 
the identical phenomenon occurred in the back-crossing of the male F; 
hybrids with C. eurytheme in 1913. In such broods, r. s and t, females 
appeared first, although i. a similar family, u, neither sex could be said to 
be precocious. In brood t, in which all the females were white, there was 
also an excess of females: 39 white females, 33 males. 

The F, hybrids of the reciprocal cross, however, have not produced 
any families showing unusual sex ratios or precocities. Thus families, 
1914, e, g, h and i, showed no precocity of either sex, though h (back- 
cross of such a female hybrid X C. philodice) gave an excess of females: 
36, versus 25 males, and a group of five males emerged five days later than 
the rest of the brood, indicating retarded development. 


Summary 


The cross which involves the philodice male (but not the reciprocal 
cross), which in some cases produces sterile male ofispring, produces, 
in some and indeed in most cases, an excess of females, whereas pre- 
cocious males are conspicuously absent. Possibly the same cause that 
leads to sterility in the surviving male hybrids of such a family has led 
also to a lack of viability in their brothers that presumably have perished. 


WHITMAN and Ripp_e (1919) found that hybridization of the Japanese 
turtle-dove (Turtur orientalis) with the white ring-dove (Streptopelia 
alba) produces in spring and summer “nearly all males,” and if a female 
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of such a mating is made to “overwork at egg production,” that is, not 
allowed to stop laying and incubate her eggs, she produces in late summer 
and autumn “all, or nearly all, female offspring.” 

This statement regarding the hybrid cross and the assertion that the 
first egg of each unlike pair (‘“‘clutch”’) laid in close succession, is usually 
a male, the second a female, has seemed to me to indicate a precocity of 
male-producing eggs comparable to the normal condition in Colias. 
Further examination of WHITMAN and RIDDLE’s published data, however, 
have shown that the extensive conclusions regarding sex control which 
RIDDLE has drawn appear to rest upon a rather small basis of published 
facts, as the following analysis may show. 

In the cross T. orientalis 9 Xalba # an excess of males is said to occur in 
the spring months, whereas later in the season, e.g.,after July 1, females pre- 
dominate. The offspring of three mothers are cited to establish this point. 


¢ 99had 4, 19 offspring before July 1; 
3%, 629 offspring after July 1. 

9500 had 15, 69 offspring before July 1; 
25 #, 14 @ offspring after July 1. 

9 54had10¢, 39 offspring before July 1; 
3%, 13 9 offspring after July 1. 

Total 29 #, 10 ° offspring before July 1; 
31 #, 33 ¢ offspring after July 1. 


It is apparently on such meager data as these that RIDDLE’s sweeping 
conclusions regarding sex control are drawn. The numbers are small 
and indicate a slight excess of male offspring. The progeny of only one 
of the three mothers, namely, No. 54, seem to me to lend any support to 
Rippte’s conclusion, and the small numbers of offspring of this mother 
(13@¢@, 169 @) indicate that the seasonal variation in sex ratio is quite 
within the range of merely chance variations. 

Yet, despite the small numbers, it seems evident that species hybridiza- 
tion involving the ¢ T. orientalis does produce noticeable fluctuations 
in the sex ratio, possibly in the long run an excess of males, but that the 
males appear earlier in the season than the females is not well supported 
by the examples that he cites. 

WHITMAN and R«IpDLE also found that in pure species, in which sex 
ratios are not upset by hybridization, the first egg of each two laid in 
close succession is usually a male, the second a female. 

CuENoT (1900), working with homing pigeons, found, on the contrary, 
that in 30 cases observed, the male egg was laid first, in fifteen cases the 
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female egg, so that the idea of the precocity of the male egg, which had 
been noticed by breeders ever since the days of ARISTOTLE, was not sup- 
ported by his observations. Coe (1915) working chiefly with Tumblers 
of diverse origin and a few Homers, likewise found no correlation between 
maleness and the first egg of the pair. Rmp Le (1916), however, regards 
these discordant results as due to the mongrel nature of the stock, which 
he assumes to have been used by these observers, and maintains that 
in the pure strains which Doctor WHITMAN bred the male-first rule holds. 

As evidence, he uses the breeding records of two females of Strepto- 
pelia risoria, the pale ring-dove. The first of these females laid in 1913 
nine pairs of eggs, each pair comprising one male and one female. In 
six of these pairs the male egg was laid first, in 3 the female egg. In the 
other case there were 12 such pairs; in 9 of which the male egg was laid 
first, in 3 the female egg. Such evidence is not very convincing. 

The number of examples cited in support of the idea that in pure wild 
species the first egg of a pair (of different sexes) laid in succession is 
male is small. In Stigmatopelia senegalensis (Senegal turtle-dove) 
two pairs are cited in which the rule applies, in Streptopelia risoria (blond 
ring-dove) six, two showing the reverse; in Phaps chalchoptera (bronze- 
wing) four cases; in Spilopelia suratensis (Surate turtle-dove) four cases, 
while three show the reverse. 

Data regarding pairs the sex of only one member of which is known 
are more extensive, but since the unknown member of the pair in half 
the cases, by the law of chance, should be of the same sex, the whole 
number of pairs to be included as evidence is twice that which it should 
be. In S. senegalensis, 19 pairs with one member unidentified are recorded 
(in all, 9 females, 10 males), 15 of which seem to follow the rule, 3 to 
contradict it; one is equivocal [no second (?) egg]. Two pairs of eggs 
of opposite sexes, as already stated, also follow the rule (S. senegalensis), 
which seems to be applicable to this species though not to Spilopelia 
suratensis. 

In the hybrid cross, S. alba 9 X T. orientalis #, 12 cases are cited 
of both sexes occurring in one clutch. The first-laid egg was male in 10, 
female in 2. This cross, as before noted, produces a predominance of 
males. In the reciprocal cross, the male egg was laid first in 7 cases 
out of 12; in 5 cases, the female egg came first. The probability that 
the alba mother was of hybrid origin is suggested by RIDDLE in explana- 
tion of the departure, in the last example, from the supposed rule. 

In general the conclusion that the males appear earlier in the season 
or that the first egg of a clutch of two is usually male is not, in the writer’s 
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opinion, proved by the published data, either for the cross involving 
the alba male or for any of the others. 


SUMMARY AND CONCLUSIONS 


1. In Colias philodice and in C. eurytheme there are two types of female, 
one with yellow wings like the male (though slightly paler) and one, 
less common, that is white. The common yellow, or male-like, type 
is recessive to the rarer white variety, the two being differentiated by a 
single pair of factors, W = white, w=yellow. 

2. The male-like type of female in other butterflies has likewise proved 
to be recessive to the other female variety or varieties, ie., Argynnis 
paphia ¢, to the dominant ‘“‘melanic” variety valesina (GOLDSCHMIDT 
and FiscHER); Papilio cyrus, to polytes and romulus (FREYER); P. mem- 
non var. laomedon (somewhat male-like), to agenor and achates (DE MEI- 
JERE and JACOBSON); but in the species with trimorphic females certain 
individuals of the recessive, or male-like, type are dominant for a second 
pair of factors, for which the second, or intermediate, type of female is 
recessive; the third type of female is a homozygous or heterozygous 
double dominant. 

3. Males in Colias are constantly yellow, even in broods (families) in 
which all the females are white. 

4, Therefore white is not, by reversal of dominance, recessive in the male 
and lethal in homozygous combination, as assumed in my preliminary 
paper, and the exceedingly rare white “aberration” in the male, known 
to entomologists but as yet never bred in captivity, must be due to an 
entirely independent mutation, as predicted by GOLDSCHMIDT. 

5. Males in any family correspond in genetic constitution to their sisters, 
being either 

(a) ww (homozygous for yellow female coloration) ; 

(b) Ww (heterozygous for white female coloration); or 

(c) WW (homozygous for white female coloration). 

6. Recessive yellow females (ww), mating with 

(a) males homozygous (ww) for recessive yellow female coloration, 
produce only yellow (ww) female offspring; 

(b) males heterozygous (Ww) for female coloration, produce equal 
numbers of heterozygous white and recessive yellow daughters; 

(c) males homozygous dominant (WW) for female coloration, should 
give only white heterozygous daughters. No brood from this type 
of mating has yet been raised. 


Genetics 8: N 1923 


548 JOHN H. GEROULD 


7. Heterozygous white females (Ww), mating with 

(a) males homozygous (ww), produce equal numbers of heterozygous 
white (Ww) and recessive yellow (ww) daughters (this type of 
mating is the one that I have most commonly obtained) ; 

(b) males heterozygous (Ww), produce white and yellow daughters 
in the proportion 3:1, a result rarely realized in this stock, however, 
presumably because of the action of certain lethal factors; 

(c) males homozygous (WW), produce white daughters only 

8. Homozygous white females (WW) mating with 

(a) heterozygous (Ww), males have produced white daughters only, 
but there is no certainty that in my cultures they have been mated 
with 

(b) homozygous WW males, and the combination with 

(c) homozygous ww males has not been accomplished. 

9. Wild white females in the regions from which my stocks of C. phil- 
odice and C. eurytheme have come have invariably been heterozygous 
for white female coloration. Assuming that 5 percent of the females 
in any locality are white, 95 percent yellow, the proportion of homozygous 
to heterozygous white females would be as 1:78. If white females comprise 
10 percent of the female population, heterozygous white females would 
be 38 times as common as the homozygous. Formulae and numerical 
tables computed by Professor J. W. YounG are given for estimating the 
proportions of homozygous and heterozygous whites in a population com- 
prised of 5 to 50 percent of white females, 95 to 50 percent of yellow 
females, and equal numbers of males corresponding, respectively, genetic- 
ally to the females. 

10. Such a population is stable in its proportions after the first mating, 
but, if the homozygous dominant WW combination were constantly lethal, 
the white character, whether Ww or WW, would gradually disappear 
from the population and become extinct. 

11. Great difficulty was experienced in demonstrating that the 
breeding of two heterozygotes for female coloration gives the 3:1 ratio. 
This was probably due to lethal factors brought out by the inbreeding. 
Finally, in 1920, stock apparently free from lethal factors produced a 
family showing a clear-cut 3 : 1 ratio. From it two successive generations 
of all-white-female families were raised. 

12. Crossing this all-white-female stock the following spring with wild 
males free from the white factor showed that these white females were 
at least in part heterozygotes (presumably 50 percent homozygous, 
50 percent heterozygous), for all that were tested proved to be hetero- 
zy gous. 
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13. Unexpected ratios occur. All-white families are sometimes produced 

by two heterozygous parents. Moreover, 67 white : 36 yellow female 
offspring (i. e., 2 : 1) were in one case produced by a heterozygous white 
female, Ww, mated to a homozygous recessive for female coloration, 
ww. These facts may be explained by the assumption of a recessive lethal 
factor, closely linked with yellow, carried in heterozygous condition in 
certain strains. A lethal gene similar to that occurring in C. philodice 
was evident also in C. eurytheme and in hybrids between the two species. 

14. Unpublished data from Mr. THomas E. BEAN show, so far as they 
go, that, in the wonderfully variable species, Colias christina, white female 
coloration is inherited substantially as in C. eurytheme and C. philodice, 
though in one instance intergrades between white and yellow in the same 
family are described, unlike anything seen in C. philodice and C. eurytheme, 
and explicable by the codperation of modifying factors. 

15. PreszczEx’s data on Colias myrmidone show that in the mountains 
of upper Styria, where var. alba? is more common than the red or orange 
type, all-white families have been raised, as well as others indicating a 
heterozygous mother. At lower altitudes, near Graz, where alba comprises 
about 22 percent of the female population, white females are usually 
heterozygous, and red mothers, presumably after mating with heterozy- 
gous males, produce some white daughters. 

16. It is an open question what réle climate plays in different regions in 
determining the proportion between white and yellow females in the pop- 
ulation of C. myrmidone, whether indirect, through natural selection, or 
direct, upon germ cells or developing embryos. 

In C. philodice and C. eurytheme climate apparently has no such de- 
termining effect. Cold inhibits and heat stimulates the development 
of yellow and orange wing-scale pigments, but these effects are slight and 
fluctuating as compared with the sharply differentiating action of the 
genetic factors. 

17. Precocity in the development of the male, which is so well marked 
in Colias and which was shown in my earlier paper not to be due to earlier 
laying of male-producing eggs, is correlated with earlier development of 
the germ cells. But the question of comparative velocity of develop- 
ment in male and female insects is complicated by the fact that the female 
in certain moths undergoes an additional moult, and that drone bees, 
though they appear 1 to 4 weeks before the females, develop more slowly 
than either queens or workers. 

18. Hybridization between C. eurytheme 9 and C. philodice # some- 
times upsets both the normal sex ratio (thus producing an excess of females) 
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and the usual male precocity. Possibly males in such families are less 
viable. 
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INTRODUCTION 


The work of East, Emerson, HAyes and others with plants, and 
CASTLE’s work with animals, show that inherent size differences are ap- 
parently dependent on Mendelizing factors. In some cases, such as habit 
of growth in peas and beans and certain abnormal characters in maize, the 
quantitative characters involved are dependent on single factor dif- 
ferences, although in most cases many factors are involved and simple 
ratios are not obtained. In fact there is some evidence to show that 
quantitative differences may sometimes depend on genetic factors in most 
or all of the chromosomes.’ 

The multiple-factor hypothesis of size inheritance does not necessarily 
mean that the various factors are equal in effect or that they are inter- 
dependent for their expression. The relative effect of various factors 
and the cumulative effect of factor combinations have been difficult 
to analyze because the size factors could not readily be isolated and studied 
independently. If, however, certain size factors can be found linked 
with factors for qualitative characters it should be possible to study 
independently the size factor or factors within each linkage group. This 
is now possible in a limited way with the size differences in beans. 

1 Papers from the Biological Laboratory of the Maine AGRICULTURAL EXPERIMENT STATION, 
No. 157. 

2 In a recent paper, GATES (1923) maintains that increased variability of petal size in the F, 
of Oenothera hybrids is not due entirely, at least, to Mendelian size factors, and suggests that 


“perhaps sizes in general, where repeated in the same organism, are not Mendelian in their 
inheritance.” 
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The work of TSCHERMAK, EMERSON, SHULL and SPILLMAN on the in- 
heritance of vine and seed-coat characters in the bean has been reviewed 
by SHAw and Norton (1918) who find the earlier hypotheses in accord 
with the results of their own extensive studies. Pigmentation is dependent 
ona factor P. Total pigmentation is dependent on an extension factor T, 
the recessive of which results in a partially pigmented or “eyed” bean. 
Mottling is, according to the theory of SPILLMAN and Emerson, dependent 
on two factors Y and Z inthe same chromosomes. Y and Z may also exist 
separately in non-mottled beans and when brought together in crosses 
give mottled beans which seldom if ever become homozygous for mottling. 
Other factors control type of mottling and color of pigmentation. The 
inheritance of pattern and pigmentation in beans is often complex because 
of the numerous factors usually involved. 

The parental varieties used in the present study include two varieties 
classed under the local names of Improved Yellow Eye and Dot Eye. In 
the Improved Yellow Eye the pigment is uniform or “‘solid” (self-colored) 
and is restricted to the area around the hilum and covers from a quarter 
to a third of the surface of the bean. The Dot Eye has only a very small 
pigmented area at either end of the hilum. In both of the eyed varieties 
the color of the pigment is yellow. For the non-pigmented parents several 
pure lines of small white beans were used. In all cases the pigmented 
varieties were about twice as large as the white varieties. 

The parents and F; plants and all F, plants which were continued to 
F; were grown in an insect-proof cage to prevent uncontrolled cross- 
pollination, although cross-pollination does not occur frequently in the 
field. All F, beans for which weight records were made were grown in 
1920. A glass scale designed by the writer (SAx 1921) was used for obtain- 
ing individual bean weights. The average seed weight in centigrams was 
obtained for F, and F; segregates. Most of the field work and description 
of F. segregates has been done by H. C. McPuert. The parental varieties 
were obtained from selections made by Doctor FRANK SURFACE. 


GENETIC BEHAVIOR OF CROSSES 


The genetic behavior of some of the crosses is shown in table 1. In 
the cross Improved Yellow Eye X White 1333 the F, was dark mottled 
and the F, gave a ratio of 27 mottled : 9 self-colored : 12 eyed : 16 white. 
The x? test for goodness of fit gives a value of P = .83. The proportion of 
mottled and self segregates indicates that both of the mottling factors, 
Y and Z, were carried in the same chromosome by the white parent. The 
extension factor and factors for black, brown and purple color were also 
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carried by the white parent but could not be brought into expression until 
combined with the pigmentation factor P. 

In the cross Dot Eye X White 1228 the F; was mottled. The approxi- 
mately equal number of mottled and self-colored beans in F: indicates that 
the mottling factor Y came from one parent and factor Z from the other 
parent. The proportion of eyed beans is somewhat too large to result from 
two recessive factors and too small to result from a single factor, but other- 
wise the theoretical ratio fits very well (P=0.57). It is assumed that 
two extension factors are present in 1228 because such a hypothesis is 
in accord with the results in the following cross. 


TABLE 1 


Segregation of pattern types in F»2 of eyed Xwhite crosses. 


SELF- COODNESS 
CROSS MOTTLED EYED | WHITE | TOTAL 
COLORED OF FIT 


Improved Yellow Eye 1310 White 1333 150 51 68 80 349 


Theoretical for 27 :9 : 12 : 16 ratio 147 49 65 87 P=.83 
Dot Eye 1902 X White 1228 93 | 101 28 67 289 
Theoretical for 90 : 90 : 12 : 64 ratio 102 | 102 14 72 P=.001 
Improved Yellow Eye 1317 X White 1228 82 44 12 41 179 
Theoretical for 45 :3 : 16 ratio 126 8 45 P=.32 


The cross Improved Yellow Eye X White 1228 gave a purple mottled 
F, and a very complex segregation in F2. The entire F2 was carried to 
the F; and it was found that no mottled beans bred true. If Y came from 
one parent and Z from the other then no homozygous mottled beans 
should be obtained except by crossing over, but the ratio of mottled 
to self-colored should be 1 : 1. .By grouping all completely pigmented 
beans a fairly good 45 : 3 : 16 ratio is obtained. Total pigmentation is 
apparently effected by two extension factors the double recessives of 
which result in eyed beans. 


SEED WEIGHT OF VARIOUS CLASSES OF SEGREGATES 


In all crosses the pigmented parent was at least twice as large as the 
non-pigmented parent. The large parents contributed large size of 
bean, the pigmentation factor P, the recessive or recessives of the ex- 
tension factor which results in eyed beans, and one of the mottling factors. 
If size factors are present in most or all of the chromosomes, then there 
should be some correlation between pigmentation and pattern of F, 
beans and size. In all crosses of large pigmented varieties with small 
white varieties, involving 3865 progeny, the white segregates were signifi- 


| 


SIZE AND SEED-COAT PIGMENTATION IN PHASEOLUS 55 


uw 


cantly smaller than the pigmented segregates. The relation between 
pigmentation and pattern and average bean weight of F; plants is shwno 
for several of the larger populations in table 2. 


TABLE 2 


Showing average seed weight in centigrams, of parents, and mean seed weight of various classes of 
segregates in F2 and Fs of certain bean crosses. 


PARENTS F: SEGREGATES 

2 Weight rot Weight | Mottled Self Eyed White Total 
I. Y. E. 1310 |56.+.5 [White 1333 .9)39.1+ .4 |36.5+.5 |39.0+.4 [33.84 .4 | 349 
Dot Eye 1902|58.+1.2 |White 1228 |21+ .2/27.84.4 |27.74.4 |26.64.5 |23.4+.5 | 150 
I. Y. E. 1317 }48.+.5 |White 1228 |21+ .2/28.8+.4 [28.64 .6 |31.341.1/26.4+.5 | 179 
I. Y. E. 1317 }48.+.5 |White 1228F3}21+ .2/29.2+.1 |/29.04.1 |30.24+.2 |25.84.1 |2438 


) 


In the cross Improved Yellow Eye (P t yZ or Pt Yz) X White 1333 


(p T YZ) all pigmented classes are significantly larger than the white F, 
segregates. The mottled and eyed F: segregates are also significantly 
larger than the uniformly pigmented or self-colored beans. It might be 
expected that large size would be associated with the eyed factor as 
large size and eyed came in from one parent, but the increased size of the 
mottled segregates is unexpected as the mottling factors were apparently 
contributed by the smaller parent. However, if the mottling hypothesis 
is correct then two-thirds of the mottled beans will carry the Improved 
Yellow Eye chromosome which carries one of the mottling factors and 
probably a factor for large size. It is also possible that the chromosome 
from the small white bean which carries the mottling factor carries a 
factor for large size. The small bean could carry several factors for large 
size and yet be relatively small due to the predominance of factors for 
small size. No significant correlation was found between bean weight 
and color of pigment in this cross. 

There is no significant difference in size of the pigmented classes of i Fs 


segregates in the cross Dot Eye (P tt yZ) X White 1228 (p T T V2). 
The mottled and solid segregates are somewhat larger than the eyed 
segregates but this difference is only twice the probable error and is of 
doubtful significance. All classes of pigmented segregates are significantly 
larger than the white segregates. The difference between the weight 
of eyed and white segregates is 4.6 times the probable error. The fact 
that there is no difference between size of mottled and self-colored segre- 
gates indicates that the chromosomes which carry the mottling factor in 
this cross carry different size factors than those in the preceding cross. 
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The weights of the different classes of segregates in both F, and F; are 
shown for the cross Improved Yellow Eye (PttyZ) xX White 1228 


(p T T Yz). The pigmented classes are all heavier than the F2 white 
segregates although the differences are only about 3 times the probable 
error in case of the self-colored and mottled segregates. The eyed segre- 
gates are larger than the other pigmented classes although the difference 
is of doubtful significance in F, because of the few individuals. In Fs, 
however, it is clear that the eyed segregates are significantly larger than 
the mottled or self classes. There is also some correlation between bean 
weight and eye pattern in F;. The eye types were divided into 8 classes 
ranging from dot eye to almost completely pigmented. The correlation 
between eye type and bean weight for 307 eyed segregates gave a correla- 
tion ratio of .30+.04. The dot-eyed and types similar to Improved 
Yellow Eye were smallest, while intermediate types were largest. It was 
also found that among the self-colored and mottled F; classes the yel- 
low and brown segregates were heavier than the purples and reds. The 
difference is more than twelve times the probable error. The genetic 
behavior of the various colors is very complex and has not been completely 
worked out. 

TSCHERMAK (1922) finds some evidence for segregation in size of beans 
borne on the F; plant. In the above cross the coefficient of variability for 
weight of beans on the F; plants was 18.0+.7 as compared with 10.8+.9 
and 11.7+.7, respectively, for the parents. There is, however, little 
indication that the increased variability of Fi is due to genetic factors 
for bean size. The correlation between bean weight of F, and bean 
weight in F, was found to be .08+.06 (ny). For Fi bean weight and 
F, plant height »=.36+.05, but this relation may be due to greater 
reserve food in the larger beans. There was no significant correlation 
between F, bean weight and F; pattern (7 =.10+.06). 

Bean size is apparently not greatly influenced by plant height. In the 
above cross (Improved Yellow Eye X 1228) the correlation between F, 
bean weight and F;: plant height gave a value of r=.05+.06. For F: 
pattern and F, plant height 7=.12+.06. These correlations were 
determined because it was thought that since pigmented beans often 
have darker foliage than white beans that there might be an increase in 
plant size with darker foliage and perhaps some rélation between plant 
size and bean weight. However, the large eyed beans used in this cross 
have white blossoms and pale green foliage,—a characteristic of all eyed 
and white beans used as parents. 
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Crosses of pigmented beans which differ in size also show association of 
size differences with pattern. In the cross of Improved Yellow Eye 1318 
(weight =52.1+.8) Cranberry 1906 (weight=70.0+1.6) the F; 
mottled class had a mean weight of 56.9+.9; self-colored beans weighed 
55.3+.7; while the eyed segregates weighed only 50.5+.8 centigrams. 


THE NATURE OF FACTORS INVOLVED IN SIZE DIFFERENCES IN BEANS 


So far as data are available, the behavior of the inheritance of size 
differences is in accord with the eight requirements proposed by East 
(1916) to test the multiple-factor hypothesis. No data on weight of F; 
beans were taken and even if F, weights were available they would be of 
little value due to paucity of numbers. The parents were pure lines and 
had been grown in a screened cage for six years so that the F; should be 
no more variable than the parents. The variability of the Fy, is greater 
than that of the parents. The grandparental types are occasionally 
recovered. There is a significant correlation between size of F: and result- 
ing F; segregates. For Improved Yellow Eye X White 1228 this correla- 
tion gave a value of r=.33+.01. 

The number of size factors involved was estimated by CasTLx’s (1921) 
formula and by several other methods. These various methods give the 
number of size factors as about 4 to 6 in two of the crosses and more than 
6 in the third cross (Dot Eye x 1228). However, the various assumptions 
necessary in estimating the number of size factors, based on F; distribution, 
make the results obtained of little or no value as SHULL (1922) has pointed 
out. 

It is possible in these bean hybrids to determine the effect of a single 
factor or a group of closely linked factors. In this discussion an inde- 
pendent size factor may be taken to mean a single factor or several closely 
linked factors. In the cross Improved Yellow Eye X 1228 the pigmented 
beans had a mean weight of 29.0 while the white segregates weighed 26.4 
centigrams. The pigmented F, segregates consist of homozygous and 
heterozygous individuals in the ratio of 1:2. The genetic constitution of 
F; pigmented segregates was determined from F; behavior. The failure 
of a white segregate to appear in 8 or more F; segregates from a single 
F; pigmented plant was taken to indicate that the F, plant was homozy- 
gous for P. The chances are ten to one that an F; plant is homozygous 
for pigmentation if no whites appear in 8 F; progeny (see MULLER 1923). 
The Fe. segregates homozygous for pigmentation, and therefore homo- 
zygous for at least one size factor, except for crossing over, were signifi- 
cantly larger than heterozygous individuals. The average weight of 
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the 45 homozygous segregates was 30.7+.6, while the mean weight of 
80 F, segregates heterozygous for size was 28.3+.3. The difference in 
weight of these classes is more than three times the probable error. The 
homozygous segregates (PP) were 4.3+.8 centigrams heavier than the 
white segregates (pp), while heterozygous F, individuals (Pp) were 1.9+.6 
centigrams heavier than the non-pigmented class. Thus, both allelo- 
morphs for large size which are associated with P control about 16 percent 
of the parental difference, while the factor in a heterozygous condition con- 
trols about half of this amount. In this case two factors have approxi- 
mately double the effect of one factor within a single homologous pair of 
chromosomes, indicating that there is no dominance of size factors. The 
size factor or factors associated with the eye factors also cause an increased 
weight above that of the totally pigmented beans. The size factor or 
factors associated with the extension or eye factors have only about half 
the effect on seed weight as the size factor linked with the pigmentation 
factor, indicating that different size factors may not have an equivalent 
effect. This difference in effect of size factors may, however, be attributed 
to greater frequency of crossing over between the eye factor and size 
factors than between pigmentation factors and size factors. 

In the cross Improved Yellow Eye X 1333 the pigmented F,. segregates 
have a mean weight of 4.8+.5 centigrams heavier than the mean weight 
of the white segregates. It was not possible to compare the size factors 
in the heterozygous and homozygous condition since the F; was not grown 
to test the genetic constitution of F, segregates. Size factors are also 
associated with mottling and extension factors in this cross. 

In the cross Dot Eye X White 1228 the pigmented segregates are 
4.2+.6 centigrams heavier than the white segregates, so that about 11 


percent of the parental difference is controlled by the factors associated _ 


with pigmentation, two-thirds of which are heterozygous. 

In these crosses the factor or factors associated with pigmentation 
control about 4 or 5 centigrams of seed weight or about one-fifth or 
one-sixth of the difference in weight of the parental varieties. If the 
size factors in other linkage groups have a similar effect then the number 
of factors involved in the various crosses is about 5 or 6. However, the 
size factors in different linkage groups may not have the same effect on 
seed weight as shown by the comparison of the mean weight of totally 
pigmented, eyed, and white segregates in the cross Improved Yellow 
Eye X 1228. 

The size factors in beans are independent in causing increased seed 
weight and several factors have a cumulative effect. Even within a 
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single homologous pair of chromosomes the allelomorphic factors in the 
homozygous condition have double the effect of a single factor in the 
heterozygous condition. These results are not in accord with behavior 
of size factors in rabbits. CAsTLE (1922) finds that size factors are present 
in most or all of the chromosomes and yet there is no association of size 
difference with any one of four independent color and pattern factors. 
Accordingly, CASTLE concludes that the size factors in rabbits are inter- 
dependent for their expression. 

The fact that a size factor in the 1” or heterozygous condition has 
only half the effect that it does in the 2” or homozygous condition is of 
interest in connection with JoNEs’s (1917) heterosis hypothesis. If all of 
the size factors in Phaseolus behave in a similar way then no hybrid 
vigor would be expected. As a matter of fact TscHERMAK’s (1922) data 
indicate that in bean crosses the F; seed weight is less than that of the 
mid-parent. As shown in table 2 the mean weights of Fs classes are less 
than the weight of the mid-parent. The decreased weight may be due to 
the dominance of some of the weight factors contributed by the smaller 
parent, or it may be attributed to heterozygosis. Since there is an inverse 
ratio between number of beans per plant and bean weight it is possible 
that heterozygosis increases fecundity and thereby decreases seed weight. 


SUMMARY 


Crosses between certain eyed (partially pigmented) and white beans 
resulted in completely pigmented mottled beans in F; and mottled, self- 
colored, eyed, and white beans in F2. Mottling is dependent on two 
factors in the same linkage group, both of which are necessary to produce 
mottling. Completely pigmented beans are dependent on either one or 
two extension factors, the recessives of which result in eyed beans. Pig- 
mentation is dependent on a single factor. 

In all crosses of large pigmented beans with small white beans the 
pigmented F, segregates had a mean seed weight greater than that of the 
white segregates. In the cross Improved Yellow Eye X White 1228 the 
difference in average-seed weight between homozygous pigmented F, 
segregates and white segregates was found to be about one-sixth of the 
F, range. The difference between the weight of heterozygous pigmented 
F, segregates and white segregates is only about half as great as the dif- 
ference between homozygous pigmented individuals and the white 
segregates. Thus, a size factor (or group of closely linked factors) in the 
in or heterozygous condition has only about one-half of the effect that 
it has in the 2 or homozygous condition. This lack of dominance is of 
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interest in connection with the hybrid-vigor hypothesis. Factor dif- 
ferences for seed weight are also associated or linked with one or both 
of the eye factors, with eye pattern factors, and with factors which deter- 
mine the color of the pigment. Size differences even in case of blending 
inheritance where several factors are involved, may be effected by the 
independent action of the size factors in different linkage groups. These 
factors, when combined, have a cumulative effect. The size factors in 
different chromosomes may not be equal in their effect. 
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INTRODUCTION 


White seedlings are characterized by the lack of chlorophyll. Under 
ordinary conditions, they die in the early seedling stage soon after the 
reserve food of the seed is exhausted. In color they vary from pure white 
to more or less creamy yellowish. Occasionally, individual plants have 
small amounts of yellowish-green tissue. 

White seedlings are observed frequently in the higher plants. Most 
of those studied have been found to be simple recessives to the normal 
green. NILSSON-EHLE (1922) reported three independent factors for 
white seedlings which were found in different varieties of barley, and 
Trow (1916) showed that the white phenotype in Senecio vulgaris L. 
is determined by duplicate genes. 

HatsTeD and Ketsry (1904) described white seedlings in maize. 
Later, Emerson (1912) and GERNERT (1912) presented evidence that the 
albinism studied is determined by a factor which is a simple Mendelian 
recessive to green. MItes (1915) furnished additional data on the inheri- 
tance of white seedlings, and made a cytological study of the albinos. 
He concluded that plastids are entirely absent in white plants. LInpsTrRom 
(1918, 1920, 1921) studied the relations between white seedlings and some 
other chlorophyll types. RANDOLPH (1922) studied white seedlings cyto- 
logically and found plastid primordia present in all cells which normally 
would be green. In the extreme tip of the leaf he observed a limited region 
in which the cells contained green chloroplasts. He concluded that in 
the case of white seedlings “‘failure of the plant to become green is not to 
be explained as the result of an absence of plastids or plastid primordia.” 

White seedlings occur very frequently in corn; they can be observed in 
practically every corn field. Interesting data were obtained by Hutcut- 
SON (1922)? on the presence of white seedlings in commercial varieties of 
corn. From 419 lots of seed collected from the northern experiment 
stations and seed companies, 1814 selfed ears were tested in the green- 
house; 144 of them, representing 22.4 percent of the lots, were found to 
throw white seedlings. The percentage might have been still higher if 
more ears had been selfed in certain lots. In 24 percent of the lots one 
ear only was selfed and in 16 percent of all the lots two ears; this lowered 
the chance of detecting white seedlings. 


? With permission of Director C. B. HuTcuisoNn, original data are used and arranged in such 
a way that the frequency of occurrence of white seedlings can be shown. 
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MATERIAL AND METHODS 


This study was taken up as the result of a need felt by workers on maize 
for more endosperm and seedling characters for use in linkage tests. A 
systematic search for seedling characters was begun during the winter of 
1919-1920, a sample of seed being planted for this purpose from each 
available self-pollinated ear. To facilitate this search Professor R. A. 
Emerson and Dr. E. G. ANDERSON made available to the writer all the 
selfed ears accumulated in the course of their studies on maize.2 Many 
distinct variations were found, the majority affecting the development of 
chlorophyll. Among the ears tested, 15 were segregating for white 
seedlings. Twelve of them came from unrelated families. Progenies in 
these ears gave the material for the beginning of this investigation. 

Some additional material was obtained in the spring of 1921 and 1922 
from Professor C. B. HuTCHISON. 

An effort was made to determine the relation of these white seedling 
characters to each other by intercrossing. This is rendered rather difficult 
by the lethal nature of the white seedling character. Heterozygous green 
plants must be used in crossing. These are not visibly different from their 
homozygous green sibs. In any selfed family throwing white seedlings, 
two-thirds of the green plants are expected to be heterozygous, and of 
random intercrosses between plants of such families, four-ninths are 
expected to be crosses between two heterozygous plants. But in order to 
be dependable both parents of the cross must be selfed. This was often 
impossible because most of the plants produced only one ear. Where the 
lines to be crossed differed by some aleurone or endosperm character, 
this difficulty was more easily overcome. The dominant parent was selfed 
while the recessive parent was pollinated by a mixture of its own pollen 
with pollen from the dominant parent. The crossed seeds were indicated 
by xenia. 

In the cases where the white seedling character is dependent upon more 
than one Mendelian fattor the chances for successful crosses are lower. 

Linkage tests with other factors have been made, but these are as yet 
far from complete. Ina few cases they have proved valuable in identifying 
the factors involved. 


3 The writer is greatly indebted to Professor R. A. EMERSON, under whose direction the work 
was carried out, and to Dr. E. G. ANDERSON, for suggestions and help rendered during the in- 
vestigations. 
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EXPERIMENTAL RESULTS 
Intercrosses 


Experiments with white seedlings were begun in the spring of 1920. 
A few intercrosses were made in the summer of the same year, and a few 
more the next summer. It was not until the summer of 1922 that the 
intensive work was begun. 

Up to this time, twenty-nine different intercrosses have been made 
between heterozygous plants of eighteen different stocks. The inter- 
crosses between stocks which have genetically the same white seedling 
should segregate white in F;. Contrary to expectation, all F; plants of 
the great majority of these intercrosses were green. In three cases only, 
the F,; generation segregated white seedlings. In one of these cases the F: 
generation showed that the intercrossed stocks differed in their genetic 
constitution with respect to white seedling. In this cross three factors 
for white seedlings were present. The other two intercrosses were not 
carried farther than F,. 

These results indicate that the white phenotype in maize may be 
determined by many different factors. How many there are in the avail- 
able material can be determined only by further investigations. At 
present, intercrosses are complete enough to show the presence of seven 
factors, and only one intercross is lacking to complete the test with another 
one. 

The following table shows the stocks between which intercrosses were 
made and the F; seedlings found to be green (table 1.) The individuals 
used in each cross were selfed and shown to be heterozygous. 


TABLE 1 
STOCK 
NUMBER 1 2 3 8 11 
1 p x x x 
2 x x - x 
3 x x x x 
8 x - x z 
11 - x x 


All the possible intercrosses except 2X8 were obtained. That these 
stocks were genetically different, however, may be inferred from the fact 
that the white phenotype occurring in stock 8 is determined by duplicate 
genes, while the white phenotype which is isolated from stock 2 is, as far 
as known, a simple Mendelian recessive. 
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Stock 4 has been intercrossed with stocks 1 and 2 only. In both cases 
the F,; was green. From the cross 24 the F; generation was grown and 
found to give green and white seedlings in a 9 : 7 ratio, showing that two 
factors were involved. That white seedling in stock 4 is genetically differ- 
ent from that in stock 11 may be inferred from the fact that white seedling 
in stock 11 shows linkage with white endosperm (table 38, appendix), 
while white seedling in stock 4 does not show such a linkage (table 33). 
As far as known, the white phenotype in stock 4 is a simple Mendelian 
recessive and that in stock 8 is determined by duplicate genes. This 
fact makes it probable that white seedlings in stocks 4 and 8 are geneti- 
cally different. Nothing is known about the relation between white seed- 
lings in stocks 3 and 4. Cross 3X4 would show whether seven or eight 
factors for white seedlings were present in the stocks discussed. 

Up to this time it has been possible to grow F, generations from three 
intercrosses between stocks 1, 2, 3, 8 and 11. Segregation in the F, 
generation (tables 28, 36 and 38) shows that white seedlings in these stocks 
are genetically different. From the other six intercrosses only the Fi 
generation was grown. All the F; seedlings tested were green, however, 
which is possible only if the parents differ in their genetical constitution 
for white seedlings. To complete the test, it is necessary to grow the F, 
generation. It is considered, however, that the evidence presented may 
warrant the preliminary conclusion that the white phenotypes in stocks 1, 
2, 3, 8 and 11 are determined by different genes. In stocks 1, 2 and 3 
white seedling is a simple Mendelian recessive; therefore, in each case 
one gene is involved. For the expression of white seedling in stocks 8 
and 11 duplicate genes are necessary. 

The following symbols will be used for white seedlings: 


ws for the gene for white seedling in stock 1 
w, for the gene for white seedling in stock 2 
ws for one of the duplicate genes in stock 11 
we for the other duplicate gene in stock 11 
w7 for the gene for white seedling in stock 3 
ws for one of the duplicate genes in stock 8 
we for the other duplicate gene in stock 8 


Genotype ws Ws 


W; ws is the name for the gene which is responsible for the white seed- 
ling in stock 1. This white seedling is probably the one which LINDSTROM 
(1918) used in his studies on chlorophyll inheritance. 
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Results of numerous crosses (tables 30, 31, and 32) show that ws in the 
homozygous recessive condition was in every case sufficient for the ex- 
pression of white phenotype. 


Cross between stocks 3 and 1 


Table 28 gives the F; data of the cross between stocks 3 and 1. Four 
ears segregated in a 9 :7 ratio, giving a total of 649 green and 490 white 
seedlings. The calculated numbers are 640.7 green and 498.3 white, 
giving a deviation from expectancy of 8.3+11.3. The fit is very close, 
and the conclusion is justified that in this cross two independent genes 
were present, each producing the white phenotype when homozygous 
recessive. Four ears segregated in the 3:1 ratio with a total of 1012 
green and 315 white seedlings. The deviation from the calculated num- 
bers is 16.75+10.6. One ear gave green seedlings only. 

Heterogeneity of the F; plants which is expressed in the F2 progenies is 
a result of the heterozygous condition of the parents. It is supposed that 
the parent plants had the following genetic constitution regarding white 
seedlings: 

parent, W; W; W; 
parent, Ws ws 


The frequency of F, plants was: 


TABLE 2 
PROGENIES SEGREGATING IN.........eecececeeccesenereeees 9:7 3:1 GREEN 


x=2.11, P=.352 


The fit is reasonably close. 


Cross between stocks 6 and 1 


The F, generation grown from the cross between stocks 6 and 1 shows a 
few interesting points. By an examination of table 29 it can be seen that 
the F, plants were of four kinds. Three of them gave only green progeny; 
four segregated in the 3 : 1 ratio; one segregated in the 9 : 7 ratio, giving 
129 green and 94 white seedlings with a difference from expectancy of 
4.0+5.0; and one segregated in the 15 : 1 ratio, giving 216 green and 16 
white seedlings with a difference of 1.8+2.48. 


; 
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The ratios obtained in F, are an expression of a recombination of three 
different factors for white seedling. The 15:1 ratio indicates that two 
of these factors act as duplicate genes producing white seedling in the 
double recessive condition only. Both of these factors were brought into 
the cross by the parent from stock 6. This conclusion may be drawn from 
the fact that progenies of certain plants in stock 6 segregated in the 15 :1 
ratio. 

A 9:7 ratio would be expected in the F2 generation of this cross only 
in case stock 1 had the recessive allelomorphs of two genes. One of these 
genes was ws , which, as far as known, is sufficient in itself to produce the 
white phenotype when homozygous recessive. The other gene was one of 
the duplicate genes present in stock 6. The duplicate genes from stock 6 
are not named as yet, because it is not known whether they differ from the 
duplicate genes Ws ws and Wy, wy. They will temporarily be called W, w, 
and W. w.. 

Frequencies of F -generation plants indicate that the parent plants 
probably had the following genetical constitution for white seedling: 

parent from stock 6=W; W; W, w W, 
parent from stock 1=I; w; W, w W. W.; Ws ws We We W. w- 
W; w; W, Wr w. w, or Ws ws w W. 
The trequencies of F; plants are as follows (table 3): 


TABLE 3 
PROGENIES SEGREGATING IN............0-.0005 | 9:7 3:1 45 : 19 15:1 GREEN 
Calculated, =W3 ws Wp wy We We... .. 56 3.38 1.12 1.12 2.82 
| +.44 | +.62 | -1.12 | —.12 | +.18 


The fit is very close, x? equaling 1.608 and P=.803. When the calcula- 
tion is made on the other possibility, e.g., on the assumption that the male 
parent had the genetical constitution, W; W, w. w. or Ws Ws We We 
W.W. then x?=1.518 and P=.82. The fit would be very poor if the 
parent plants used in the cross had any other genetical constitution than 
noted above. One class of plants which would give an F2 progeny segre- 
gating in 45 : 19 ratio, was not detected. This ratio would be obtained by 
selfing a plant which was heterozygous for all three factors for white. 
The small number of plants grown may account for that deficiency. 


Crosses for linkage 


It is not possible to make back-crosses with white seedlings, and 
therefore conclusions about linkage have to be drawn from the F: data. 
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Characters which can be detected in seeds or seedlings are the best ones 
for testing linkage relations, and especially so when a lethal factor like the 
white seedling is being tested. Gene w; has been tested for linkage with 
shrunken endosperm (s,); one of the factors for aleurone color (R); 
liguleless (/,); dwarf plants (d); and the factor for purple aleurone (P,). 


} TEST OF ws-S,. Several crosses were made between plants of the 
constitution W; Ws ws si In the case of linkage, when 
data are used, the divergence from the expectancy in recombination classes 
is much larger in the coupling than in the repulsion series. 
Table 30 gives the data of the above-mentioned cross. The summary 
wppears in table 4. 


TABLE 4 
| ShWs Sh Ws | sh Ws Sh Ws TOTAL 
| 1822 582 | 511 182 3097 
Calculated. . . . L 10 580.66 580.66 193.58 
Difference . +79.90 +1.34 | — 69.66 | —11.58 


y2=12.718, P= .0054 


The fit is very poor. There are only about five chances in a thousand 
that the observed deviation is due to errors of random sampling. That 
the observed deviation is not due to the linkage between w; and s, can 
be seen from the fact that the parental class s, ws is smaller and the 
recombination class S, w; larger than the calculated numbers on the non- 
linkage basis. Furthermore, if we compare the ratios between green and 
white seedlings in S, and in s, classes separately, the deviation from 
expectancy is very small (table 5). 


TABLE 5 
Sh Ws | Sh wa shWs Sh Wa 
1822 | 582 $11 
1803 601 518.75 174.25 
+19+14.3 —7.75+7.69 


All this evidence shows that there is no close linkage between s, and w;. 
A comparison of germination of S, and s, seed indicates that the large 
observed deviation from expectancy, when the four classes are considered 
together, may be due to the poorer germination of the shrunken seed. 


= 
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In the S;, class, 93.28 percent of planted seeds produced seedlings and in 
the s, class 80.68 percent only. When a correction is made for the low 
germination of the s, seeds the comparison is as follows (table 6): 


TABLE 6 
S, Ws Sp ws 5,Ws Sp Ws TOTAL 
Corrected. ....... 1822 582 590.87 210.44 | 3205.31 
+19.01 | —18.99 | —10.12 | +10.10 


The fit is very close, x? equaling 1.479 and P=.693, which is another 
confirmation of the assumption that no close correlation between s, and 
Ws exists. 


TEST OF w;-l,. In table 31 are arranged the F, data obtained from the 
cross R 1, d W;Xr L, D W; w; from which the linkage relation between ws 
and /,, r and d can be studied. The data on the relation of w; and /, can 
be summarized as in table 7. 


TABLE 7 
Ig W; Ig Ws Ig ly Ws TOTAL 
515 155 184 72 926 
Calculated... ........: 520.9. 173.6 173.6 57.9 
Difference............ —5.9 —18.6 | +10.4 +14.1 


The fit is fairly close, x? being 6.116 and P=.107. The observed devia- 
tion is larger than it would be otherwise, since the separation into classes 
was made too early, and probably too many plants were classified as 
liguleless. Still the fit is close enough to warrant the conclusion that no 
appreciable linkage exists between /, and w;. 


TEST OF ws-r. The data concerning the relation between w; and the r 
factor for the color of the aleurone are to be found in tables 31 and 32, 
summarized in table 8. 


TABLE 8 
RW; Rw rW, TOTAL 
Pedigree 13 (table 32)... 712 234 247 102 1295 
Pedigree 15 (table 31)................. 1081 343 334 102 1860 
1777 592.3 592.3 197 .4 
+16 —15.3 —11.3 +6.6 
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The fit is very close, x? equaling .983 and P >.80, so that the conclusion 
is justified that w; and r are not closely linked. 


TEST OF w3-d. Table 31 gives the data on the relation between w; and 
the factor d for dwarfness. The summary is given in table 9. 


TABLE 9 
DWs Dw dW; dws TOTAL 
Observed..... cence 362 100 109 35 606 
Calculated......... 340.9 113.6 113.6 37 
Difference......... +21 .1 —13.6 —4.6 —2.9 


The fit is close enough, x? equaling 3.34 and P=.347, indicating no 
close relation between w; and d. 


TEST OF w3-p,.. Asummary of the data from table 32 is given in table 10. 


TABLE 10 
Pr Ws Prws prWs Pris TOTAL 
207 64 67 24 362 
203 .6 67.9 67.9 22.6 


The fit is very close, x? being .3897 and P larger than .80. The con- 
clusion is warranted that no close linkage exists between w; and ,. 
Genotype wy ws 
The stock carrying the recessive factor w, was derived from a plant of 
Howling Mob sweet corn grown by Doctor ANDERSON as a sample of 
pseudo-starchy endosperm. All selfed plants which were used in inter- 
crosses segregated white seedling in a 3:1 ratio. This stock was exten- 


sively used in intercrosses with the other stocks, because it had sugary 
endosperm. 


Cross between stocks 2 and 4 

The cross between stocks 2 and 4 gave a green F, generation and 
segregated in the F, gencration in a 9 :7 ratio. 

Parent plants used in the cross were heterozygous for the white seed- 
ling. From the selfed seed of the female parent (No. 10-1) 18 green and 7 
white seedlings were obtained and from the selfed seed of the male parent 
30 green and 10 white seedlings. All the tests gave green seedlings in F. 
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Table 33 gives the F, data of this cross. The progenies from three selfed 
F, ears segregated into 3 : 1 ratios with a total of 742 green and 231 white 
seedlings, the difference from the expectancy being 12.25+9.11. The 
progenies from the other three ears segregated into 9 :7 ratios, having a 
total of 391 green and 285 white seedlings. The difference from expectancy 
is 10.75+8.7. Three ears had green progenies only. 

The F; data show conclusively that in this cross two independent factors 
for the white phenotype were present. They were brought into the cross 
one by each parent. Presumably the parents had the following genetical 
constitution regarding white seedlings: WiwsW.WaXWs W, w,.' 
The frequencies of F, plants support that assumption (table 11.) 


TABLE 11 
PROGENIES SEGREGATING IN........ 3:1 GREEN TOTAL 
3 3 3 9 
+.75 —1.5 +.75 


.91; P> .606 


The F; generation was grown from four F; ears. Three of these ears 
segregated in a 9:7 ratio and one in a 3:1 ratio. Table 34 gives the F; 
data. The F; plants grown from 9 :7 ears were as follows (table 12): 


TABLE 12 
PROGENIES SEGREGATING IN............ 3:1 GREEN TOTAL 


x°= .44, P> .006 


Selfed plants grown from the seed taken from the 3 : 1 ear (pedigree 797) 
gave two kinds of progenies; i.e., green ones and others segregating into a 
3 : 1 ratio, just as was expected. 


Linkage relations 


With w, no special crosses for linkage were made. Parent plants, how- 
ever, used in the cross between stocks 2 and 4 differed in their genetical 
4 The relation between established genes for white seedlings and the gene for albinism which 


is present in stock 4 is not known. The symbol Wg wg will be used in this chapter as a name 
for the gene from stock 4. 
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constitution for endosperm, and the result was that the F, generation 
segregated for endosperm characters also. Seeds differing in endosperm 
were planted separately and notes on white seedlings taken. From the 
data obtained, conclusions may be drawn on linkage relations between 
Ws, Wa, and s,, ¥, and y,, which factors were involved in the cross. As 
far as was noted, the parents had the following genetical constitution: 
parent 10-1 Wa 
@ parent 6-9=S, Y Y,W,W:W.w, 

The F; plants differed in genetical constitution for white seedling. This 
difference was best expressed on the segregation of their progenies. 
Some of them segregated for white seedlings in a 3:1 ratio, indicating 
that they were heterozygous for one of the factors for white. Theoreti- 
cally the progeny of half of the plants should segregate w, w, and the other 
half w.w.. But there is no way of differentiating between the two 
genotypes other than by later breeding tests. If linkage between either 
of them and any of the involved endosperm factors existed, they could 
be separated because of the fact that in the case of ws there would be a 
coupling, and in the case of w, a repulsion relation. White seedlings 
segregated from the progenies of part of the F, plants in a 9:7 ratio, 
indicating the presence of both of the factors for white seedling. If 
reasonably close linkage existed between either of them and any of the 
factors for endosperm that were involved, it would have been detected 
in spite of the fact that the 9 :7 ratio is not favorable for the expression 
of linkage. 


TEST OF ws-wa-Su. A summary of data from progenies of the plants 
which segregated in a 3 : 1 ratio is given in table 13. 


TABLE 13 
PEDIGREE GOODNESS 
NUMBER SuW Suw suW Suw TOTAL OF FIT 
332-1  Observed...... 193 49 54 17 313 
Calculated. .... 176.1 58.7 58.7 19.5 x?=3.92 
Difference..... +16.9 —9.7 —4.7 —2.5 
332-7 Observed...... 150 48 42 16 256 
Calculated... ... 144 48 48 16 x2=1.00 
P= .80 
Difference..... +6 0 —6 0 
332-8 Observed...... 127 49 45 13 234 
Calculated. .... 131.6 43.9 43.9 14.6 x? = .883 
P>.80 
Difference. .... —4.6 +5.1 +1.1 —1.6 
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The following are the data on the progenies from plants segregating 


in a 9 :7 ratio (table 14): 


TABLE 14 
Suw suW Suw TOTAL 


x2=6.229, P= .103 


The fit would be still better if it were not for the low germination of the 


sugary classes. 


The only conclusion that can be made from the above data is that no 


close linkage exists between sugary endosperm and either w, or we. 


TEST OF ws-W.-y. Data relating to the progenies of the plants which 
segregate into a 3 : 1 ratio are given in table 15. 


TABLE 15 
PEDIGREE GOODNESS 
NUMBER Yw yw TOTAL OF FIT 
322-1 Observed 34 15 242 
Calculated 45.4 is: 223,537 
= .338 
Difference —11.4 
332-7 Observed 35 1; 198 
Calculated 12 .25 
P> .80 
Difference —2.1 +1.9 +. 
332-8 Observed 37 12 179 
P> .80 
Difference +3.5 +.8 
The data of 9 : 7 families are summarized in table 16. 
TABLE 16 
| 
| Yw yw TOTAL 
160 48 480 
+2.5 +4.5 —4.5 
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In all the cases the fit is very close and the conclusion that there is no 
close linkage between w., w. and y is justifiable. 


TEST OF wW4-Wa-Yp. A summary of the data is given in table 17. 


TABLE 17 
PEDIGREE GOODNESS 
NUMBER Yw yw yw TOTAL OF FIT 
332-1 Observed...... 35 12 12 3 62 
Calculated... .. 34.9 11.6 11.6 3.9 x?= .232 
P>.80 
Difference... .. +.1 +.4 +.4 -.9 
332-7. Observed...... 30 11 9 2 52 
Calculated. .... 29.25 9.75 9.75 x?=.719 
P>.86 
Difference. .... +.75 +1.25 —.75 —1.25 
332-8 Observed...... 24 10 9 2 45 
Calculated. .... 25.4 8.4 8.4 2.8 x?= .654 
P>.80 
Difference. .... —1.4 +1.6 +.6 —.8 
The data of 9 : 7 families are shown in table 18. 
TABLE 18 
YW Yw yW yw TOTAL 
x?=2.64 P> .457 


The numbers are not very large, but in each case the fit is very close, 
and the conclusion may be drawn that there is no linkage between w,, wa, 
and the factor for the pale yellow endosperm. 


Cross between stocks 6 and 2 


The progeny of the female parent from stock 6 segregated in a 15:1 
ratio, giving 70 green and 6 white seedlings with a deviation from expect- 
ancy of 1.0+1.42. The male parent from stock 2 produced green and 
white seedlings ina 3:1 ratio. All the F; seedlings of the cross 6X2 were 
green, indicating that the white seedlings involved in the parent stocks 
were genetically different. Table 35 gives the F: data. 

From the table it can be seen that two pedigrees segregated in a 
63 : 1 ratio with a total of 196 green and 5 white seedlings, the deviation 
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from expectancy being only 1.86+1.19. Two other pedigrees segregated 
into a 15 : 1 ratio, having a total of 180 green and 11 white seedlings, with 
a difference from expectancy of .94+2.26. Two pedigrees segregated in 
a 3:1 ratio, and the last two gave green seedlings only. Segregation in a 
63 : 1 ratio shows that three homozygous recessive genes were necessary 
for the expression of the white seedling in question. A 15:1 ratio is a 
result of a recombination of these three genes. 

The segregation of progenies from the selfed parent plants together with 
the frequencies of the F, plants indicates that the genetic constitution 
of the parent was as follows: 

9 parent from stock 6=W, W, Wi m W. w. wa 
parent from stock 2=W, wm wm W. W. Wa Wa 
A comparison follows (table 19): 


TABLE 19 
PROGENIES SEGREGATING 1N..........-.+--- 3:1 15:1 45:19 63:1 GREEN 
2 2 0 2 2 
—1 +1 +1 0 
x°=3.33 P= .507 


The numbers were small, which probably accounts for the fact that not 
all expected classes have been detected. 


Genotypes ws Ws and we We 


The origin of stock 11, carrying recessive factors ws and we, was an ear 
of dent corn No. 1975-2 taken from the cultures of Doctor ANDERSON. 

The data on the progenies of selfed plants which are segregating white 
seedlings may be found in table 37. In spite of the fact that the numbers 
are very small, it can be seen that the segregation is very irregular and 
that probably more than one factor is necessary for the expression of the 
white phenotype. 


Cross between stocks 11 and 3 


A cross between stocks 11 and 3 gave the most interesting F, data of all 
the crosses reported in this paper. All plants of the F,; generation were 
green. Table 38 presents the F, data. 

5 wy We wg are symbols used in this chapter only to indicate genes for white seedling from 
stock 6. 
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LINKAGE BETWEEN w; AND y. The female parent from stock 11 had 
white endosperm and the male parent from stock 3 had yellow endosperm. 
The F; seed was separated according to the endosperm color, and each 
class planted separately. From the data in table 38 it may be noted that 
in certain pedigrees a definite correlation exists between white seedlings 
and white color of endosperm. The pedigrees which segregate white 
seedlings in a 3 :1 ratio are the best to be used for the determination of 
linkage. The data are given in table 20. 


TABLE 20 
PEDI- 
GREE Yw yw  |TOTAL| GOODNESS 
NUMBER OF FIT 
803-7 86 23 13 18 
~9 164 14 22 36 
Calculated (without linkage)....| 211.5 70.5 70.5 23.5 
+38.5 | —33.5 | —35.5 | +30.5 x2=71.5 
P<10% 
Calculated (with linkage and 
24.3 percent crossing over)...| 242.2 39.9 39.9 54 
P= .7864 


From the comparison made above it can be seen that when the calcula- 
tions are made on the basis of a free segregation of factors, the chances 
are exceedingly low that the observed deviation from expectancy may be 
due to errors of random sampling. On the contrary, the fit is very close 
if calculations are made with the assumption of linkage and the conclusion 
is warranted that the linkage between the factor for white seedling and 
that for white endosperm exists. From the data obtained the percentage 
of crossing over is computed by EMErson’s (1916) formulae to be 24.3. 

Since the data in question represents the coupling series it can be seen 
that the linked factor for white seedling must have come from the female 
parent which carried the factor for white endosperm. 

KeEmpPTON (1917) made a preliminary report on a case of linkage between 
white seedling and white endosperm. Intercrosses between his white 
seedling and the one used in this investigation have not been made as 
yet.. The data presented by Kempton, owing to the complexity of the 
case, were not satisfactory for the calculation of percentage of crossovers, 
which fact makes an indirect check impossible. 
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FREE SEGREGATION BETWEEN Ww; AND y. The recessive gene w7 was 
brought into the cross by the male parent. The white seedling, which 
does not show linkage with white endosperm, and is found in pedigrees 
which segregate in a 3 : 1 ratio, is determined by w;. The relation between 
w7 and endosperm color may be seen from the following summary of the 
data (table 21): 


TABLE 21 
YW Yw yw yw TOTAL 
Observed... 328 91 111 25 555 
Calculated 312.75 103.75 103.75 34.75 
+15.25 | —12.75 +7.2 —9.75 


The fit is fairly close, x? being 5.57 and P =.1376, and the conclusion 
may be drawn that no close linkage between w7 and y exists. 


A 9:1 RATIO. From table 38 it can be seen that in three pedigrees 
white seedlings segregated in almost exactly a 9:1 ratio. The repeated 
occurrence of a ratio very close to 9 : 1 suggests that this ratio could hardly 
be attributed to deviations from other ratios, due entirely to errors of 
random sampling. The only simple ratio which is close enough to 9:1 
to be considered is the 15 : 1 ratio. 

The following is a summary of the data of pedigree 801-3, 802-2, 
and 803-13 which segregated in a 9 : 1 ratio (table 22): 


TABLE 22 


The deviation from the expectancy is 4.8 times its probable error, 
and the chance that the observed difference is due to errors of random 
sampling is about one in a thousand. The probability is much too low 
to support the conclusion that in the given case 15 : 1 was the expected 
ratio. 

The 9 : 1 ratio, however, could be a modified 15 :1 ratio. This modi- 
fication may be due to linkage of duplicate genes. Coupling between 
two duplicate genes would tend to make the ratio smaller. The ratio may 
be modified between the limits of 15 : 1 and 3 : 1 according to the close- 
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ness of linkage. On the contrary, repulsion between the two duplicate 
genes would tend to increase the ratio between the limits of 15 : 1 and 1 : 0. 

It is assumed that the 9 : 1 ratio observed in the cross 11 X3 is caused 
by coupling between two duplicate genes with about 36.9 percent of cross- 
ing over between them. 


LINKAGE WITH ENDOSPERM COLOR. The data from pedigrees which 
segregate in a 9 : 1 ratio show coupling between white seedling and white 
endosperm. This linkage relation is a good check of the assumption that 
linked duplicate genes are involved in the cross. 

If the above assumption be correct, then the observed classes are a 
product of a recombination of three linked genes, i.e., two duplicate genes 
for white seedling and one for the color of endosperm. If calculations 
made on that basis agree with the observed data, this is another strong 
support of the hypothesis. 

As shown before, about 24.3 percent of crossovers occur between the 
gene y for endosperm color and ws; one of the duplicate genes for white 
seedling. The percentage of crossovers between w; and ws is about 36.9. 
There are two possibilities with respect to the order of these three linked 
genes. The order may be Y-W;-W, or W;-Y-Ws. The possibility of its 
being W;-W,-Y is eliminated by the fact that the percentage of crossing 
over between W;-W, is larger than that between W;-Y. 

To determine which was the probable order of the genes in the given 
case, both possibilities are tried out in the calculations. 

The formulae for the calculation of frequencies of different classes are 
developed on the same principle as used by EMERSON (1916). They are 
as follows: 

The frequency for the class with: 

Yellow endosperm _ 3a*+4ab+6ac + 6ad + 6bc + 6bd + 2b? + 3c? + 6cd 
green seedlings} +3d? 

Yellow endosperm =2ab 
white seedlings 

=2ab +b? 2ac +2be +c2-+2ad + 2bd-+2cd +d? 
green seedlings 

White endosperm 
white seedlings 

_When it is assumed that the order of the genes is Y-W;-We, then, 

a stands for the frequency of non-crossovers; 

b stands for the frequency of single crossovers in region Y-W;; 

¢ stands for the frequency of single crossovers in region W;-Wg; 

d stands for the frequency of double crossovers. 
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The value of d is computed indirectly from the theoretical formula: 
(b+d) (c+d) 
100 

When it is assumed that the order of the genes is W;-Y-Wg, then, 
a stands for the frequency of non-crossovers; 
b stands for the frequency of double crossovers; 
c stands for the frequency of single crossovers in region Y-W¢; 
d stands for the frequency of single crossovers in region W;-Y. 
Then the values for a, b, c and d are calculated as follows: 


=d, the interference not being taken into account. 


d+c=36.9 
d+b=24.3 
pa 
400 


A comparison of the two possibilities is made in (table 23). 


TABLE 23 

PEDIGREE GOODNESS 
NUMBER YW Yw yW yw | TOTAL OF FIT 
801-3 125 3 13 12 
802-2 125 oe 28 12 
803-13 99 4 19 9 

349 12 60 33 454 

Calculated (Y-W5-W6....| 320 19.2 88.8| 26 

+29 —7.2 |—28.8) +7 16.56 

P= .000752 


Calculated (W;-Y-We....| 332.5 8.1 76.5; 36.9 


+16.5| +3.9 |—16.5] —3.9 x°=6.662 
P= .0854 


The possibility that the order of the genes was Y-W;-W, is practically 
eliminated by the very poor fit between observed and calculated data. 
The chances that the observed deviation is due to the errors of random 
sampling are about 7.5 in ten thousand. 

On the other hand, a satisfactory fit supports the possibility that the 
order of the genes is W;-Y-W.. The fit would be still closer if it were 
not for the low germination of classes with white endosperm in pedigree 
No. 801-3. The germination of yellow seeds was 75 percent and white 
ones 45.5 percent only. This poorer germination of white seed does not 
appreciably change the ratio between green and white seegllings but 
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makes the classes with white endosperm lower. This is very clearly in- 
dicated in deviations from expectancy which are minus for both of the 
white-endosperm classes. If pedigree No. 801-3 is disregarded and No. 
802-2 and No. 803-13 only taken into account, the fit is very close, x? 
being 3.3057 and P=.3518. 

The conclusion that the order of the genes is W;-Y-Ws may also be 
drawn from other evidence. When the observed values for different classes 
are substituted in the formulae mentioned above, four equations are ob- 
tained which can be solved for a, b,c andd. The values obtained in that 
way are as follows: a=5.745, b=.965, c=1.415, d=2.375. The relative 
values of 6 and d are of significance for the conclusion. It will be recalled 
that b stands for double crossovers when the order of the genes is W;-Y-Wg, 
and for single crossovers between Y-W,; when the order is assumed to be 
Y-W;-W.. Similarly, d stands for double crossovers if the order is Y-W;- 
W, and for single crossovers in the region W;-Y if the order is W;-Y-W.g. 
The relative value of 6 as obtained by calculation shows that it can be the 
frequency of double crossovers only, and therefore proves that the order 
of the genes is W;-Y-Ws. 

Y is about half way between W; and W,. The percentage of crossing 
over between W; and Y is about 24.3 and between Y and W, about 24.5. 
P,, one of the factors for the plant color, was shown to be linked with Y 
(EMERSON 1921, ANDERSON 1921). A cross involving all of these four 
factors should give more satisfactory data on the percentage of cross- 
overs, but as yet it has not been grown. 


A 28.6:1 RATIO. As shown before in the case of coupling between 
linked duplicate genes, when the percentage of crossovers is 36.9, the 
expected ratio of green to white seedlings will be 9:1. On the contrary, 
the expected ratio will be 28.6 :1 in the case of repulsion between the 
duplicate genes, with the same percentage of crossing over. Pedigree 
No. 803-15 segregated in 84 green seedlings and 1 white with a deviation 
from the 28.6 : 1 ratio of 1.86+1.1. It is not considered, however, that one 
white seedling is sufficient evidence for a conclusion. It may be only an 
accident due to error or to some unknown cause. During the work with 
the other seedling characters in a few instances there were observed single 
white seedlings in pedigrees which otherwise did not throw white. The 
probability is very high, however, that the deviation from the expectancy 
in this case is due to errors of random sampling. The F; generation will 
be necessary for a final conclusion. 


A 9:7 0R 2.08 :1 RATIO. From the data which are now available it is 
not possible to determine exactly into which ratio pedigrees 803-10, 
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803-17, and 803-18 segregated. There are two ratios possible, i.e., 9 : 7 
and 2.08 : 1, the latter being a combination of 3 : 1 and 9:1 ratios. They 
are too close to be distinguished with numbers of individuals obtained 
hitherto. 

A 9:7 ratio would occur if the parent plants were homozygous recessive 
for one of the duplicate genes and heterozygous for the other one and also 
for w;, A 2.08:1 ratio would result from heterozygosity of all three 
genes, i.e., wz, w; and ws. In both cases linkage between white seedling 
and white endosperm should be evident. The two possibilities are com- 
pared in table 24. 


TABLE 24 
GOODNESS 
YW Yw yW yw TOTAL OF FIT 
Observed (803-10, -17,-18)..| 189 89 37 44 359 
Calculated (9:7) 174 96.3 28.7 60 
+15 —7.3 +8.3 —16 x°=8.48 
P= .0425 
Calculated (2.08 :1)....... 194 73.6 46.4 45 
—5 +15.4 —9.4 —1 x? =5.262 
P= .1561 


The data of the F; generation are needed for a final conclusion. 


GENETICAL CONSTITUTION OF F; PLANTS. The unknown parts of the 
genetical constitution of parents may be determined from the frequency 
of occurrence of the several kinds of F; behavior. The most probable 
constitutions of the parents are: 

parent from stock 11=y vy W; Ws ws We we 
¢@ parent from stock 3=Y Y W;w7 Ws Ws We we 

A comparison follows (table 25): 


TABLE 25 


9:7. 3:2 332 
SEGREGATION IN F2...... AND WITHOUT LINKAGE S31 28.6:1 GREEN 
2.08 :1 LINKAGE WITH y 
fo: 3 7 2 3 1 3 
COMBINE 3 6.5 1.5 .87 5.63 
Difference......... 0 +.5 +.5 +1.5 +.13 —2.63 


The fit is very close, x? being 2.949 and P=.708. 
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SUMMARY OF RESULTS OF THE CROSS 11 AND 3. The F; data from the 
cross of the stocks 11 and 3 indicate the presence of linked duplicate genes. 
This indication is supported by: 

1. The repeated occurrence of segregation in very close to a 9:1 
ratio, which is assumed to result from coupled duplicate genes when 36.9 
percent of crossing over takes place. 

2. The occurrence of a 28.5 : 1 ratio, which is supposed to be the result 
of repulsion between duplicate genes, with 36.9 percent of crossing over. 
This point, however, has to be tested in the F; generation. 

3. A satisfactory fit between observed and calculated data, when link- 
age between duplicate genes is used as a basis for calculations. 

4. A very close fit between observed and calculated frequencies of F; 
plants giving the several kinds of segregation in Fs. 

For a final conclusion, however, the F; data are necessary. 

The F, data show the existence of linkage between endosperm color 
and white seedling which is determined by the linked duplicate genes. 
A reasonable fit between observed and calculated data was obtained when 
the calculations were made on the assumption that the order of the genes 
was W;-Y-W., with about 25‘percent of crossing over in each region. 

It was shown also that white seedlings brought into the cross by different 
parents were genetically different. 


Genotype 


The stock carrying the recessive factor w7 originated from a selied ear 
grown by Doctor D. F. Jonrs, and sent to Doctor E. G. ANDERSON for 
a study of its very deep orange endosperm color. 

All crosses and selfings made up to this time show that w; in homozygous 
recessive condition is sufficient for the expression of the white phenotype. 


Cross between stocks 8 and 3 


Table 36 gives the F; data from a cross between stocks 8 and3. From 
the table it can be noticed that in the pedigrees 800—4, —6, and —13, the 
deviation from the expectancy is too large to be due to errors of random 
sampling. It is thought that this large deviation is caused by the fact 
that in the same pedigrees there was present a weak morphological 
character called “spear” which made the classification of white seedlings 
very difficult. 

The progenies of the F; plants segregated in 15:1, 3:1, 9:7, and 
45 :19 ratios. A 45:19 ratio was obtained from No. 805-5, which gave 
339 green and 155 white seedlings, with a difference from expectancy of 


: 
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8.4+6.85. A 45 :19 ratio is not far from the 3:1 ratio. In the present 
case 31.5+6.49 would be the deviation from expectancy calculated on a 
3:1 basis. It would mean about one chance in a thousand that the ob- 
served deviation was due to random sampling. The fit is much closer if 
the calculation is made on the basis of a 45 : 19 ratio. In that case the 
chances are about four in ten that the observed deviation is due to-random 
sampling. 

Segregation into a 45 : 19 ratio shows that the selfed plant was heterozy- 
gous for three factors determining white seedlings, two of them being 
duplicate genes. 

The frequencies of F; plants are as follows (table 26): 


TABLE 26 
PROGENIES SEGREGATING 3:1 1S :1 45:19 GREEN 
—.75 | +.25 — .87 — .88 +2.25 
x°=2.33 P=.677 


The expected numbers are calculated with the assumption that the 
parent plants had the following constitution: 
parent from stock 8=W; Wz Ws ws Wo 
parent from stock wz Ws ws Ws Wy 
or less probably 
Q parent from stock 8=W; W; Ws ws Ws Wo 
parent from stock wz Ws ws Wy wo 
It is believed that one of these assumptions is correct. The F: data 
showed plainly that in the present cross three factors for white seedlings 
were involved, two of which are duplicate genes. The above parental 
combinations are the only ones which give in the F; generation a satisfac- 
tory fit with the data obtained. 


Genotypes ws Ws and Wy Wy 


White seedling which is determined by duplicate genes ws ws was found 
in the selfed progenies of High Protein Strain of corn obtained from 
SoutH DaxkoTa EXPERIMENTAL STATION. The data which show the F, 
segregation can be found in table 36,and the discussion of the results is 
given on pages 582 and 583. 
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A 63 :1 ratio 


A cross was made between a plant heterozygous for white seedling from 
stock 5 and a normal green plant. The progeny of two F; plants segregated 
into a 63 : 1 ratio, and the progeny of four other plants were green. The 
data are given in table 27. 


TABLE 27 
PEDIGREE 
NU MBER W w 
813-7 115 3 
-8 147 5 


The segregation into the 63:1 ratio indicates that three recessive 
pairs of genes are required for the expression of this white seedling. A 
63 : 1 ratio, however, may be a 15 : 1 ratio modified by a repulsion between 
duplicate genes. The F; generation will give the evidence for the final 
conclusion. 

It is not known as yet if this white seedling is genetically different 
from the one described before, which was shown to be determined by 
triplicate genes. 


SUMMARY 


White seedlings, frequently found in the commercial varieties of maize, 
are determined by many genetically different factors. 

The investigation is not as yet sufficiently complete to show how many 
factors for albinism were present in the material used in the tests. The 
analysis has advanced far enough to prove the existence of seven different 
genes for white seedlings, but indications are very strong that there are 
many more. 

Three of these factors are single Mendelian recessives. 

Two others are duplicate genes. The progeny of a selfed plant which is 
heterozygous for both of these genes segregates into a 15 : 1 ratio. 

The remaining two factors are also duplicate genes. The indications 
are strong that they are linked together with about 36.9 percent of crossing 
over. 

Segregation into a 63:1 ratio was observed among the progenies of 
two unrelated stocks. This ratio suggests the existence of triplicate genes. 
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The relation between these genes and those mentioned above is not 
known. 

It was shown that ws is not closely linked with any one of the following: 
Sr, 1g, d, and p,. 

Gene w, and the factor for white seedling in stock 4 are not closely 
linked with s,, y and yp. 

Genes w; and ws are two duplicate genes linked together. They are also 
linked with endosperm color. The probable order of the genes is: W;- 
Y-W,, with about 25 percent of crossing over in each region. 

Gene w7 is not linked with y. 

Genes ws and ws are two independent duplicate genes. 
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APPENDIX—Tables 28 to 38 
TABLE 28 
F, data from the cross between stocks 3 and 1. 
Fi PEDIGREE CALCULATED 
NUMBERS Ww | w TOTAL a DIFFERENCE 
9 :7 ratios 
812- 2 187 143 330 144.6 1.6 + 6.08 
-5 120 105 225 98.4 6.6 + 5.02 
- 8 153 118 271 118.3 2 + 3.51 
-10 189 124 313 137.0 13.0 + 5.92 
Total 649 490 1139 498.3 8.3 +11.3 
3:1 ratios 
812- 4 282 78 360 90.0 12.0 + 5.54 
-7 234 82 316 79.0 3.0 + 5.19 
-13 241 66 307 76.75 10.75+ 5.12 
-14 255 89 344 86.0 3.0 + 5.42 
Total 1012 315 1327 331.75 16.75+10.6 
Homozygous for green 
812- 3 
TABLE 29 
F, data from the cross between stocks 6 and 1. 
PEDIGREE CALCULATED 
NUMBERS Ww w TOTAL w DIFFERENCE 
9:7 ratio 
815-7 129 | 94 223 98.0 4.0 +5.0 
15 : 1 ratio 
815-6 215 16 231 14.2 1.8 +2.48 
3:1 ratios 
815-2 90 20 110 27.5 7.5 +3.06 
-3 192 40 232 58.0 18.0 +4.45 
-4 88 27 115 28.75 1.754+3.13 
-8 84 | 23 107 26.75 3.7543.2 
Homozygous for green 
815- 5, 
- 9, 
-10 
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F data of a cross W3 Ws Sh ShXWs Ws Sh Sh- 
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NUMBER OF NUMBER OF 
SEEDS PLANTED SEEDLINGS 
Sh sh 
Fi Parents Sh sh Total 
w Ww w 
816-— 2 345- 7X334-1 191 48 239 140 43 35 6 
-4 217 79 296 160 36 57 10 
-6 226 76 302 160 47 47 23 
-8 163 56 219 112 39 27 16 
-9 157 49 206 94 33 30 13 
816- 1 
green 
-7 
817- 1 345-17 X 334-3 97 25 122 61 23 19 3 
-3 130 41 171 95 28 30 7 
-4 131 45 176 78 34 22 14 
-6 159 55 214 112 39 41 11 
-9 159 55 214 121 34 29 18 
817- 2 
-5 
-8 green 
-10 
-11 
-12 
819- 4 347-9 X 334-3 231 79 310 159 70 48 16 
-6 214 84 298 162 47 35 10 
-7 79 23 102 57 12 15 6 
-10 231 67 298 165 52 27 13 
-11 192 7 269 146 45 49 16. 
819- 1 
-2 
- 8 
-9 + green 
-12 
-13 
-14 
Totals 2577 859 3436 1822 582 $11 182 
2404 693 
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TABLE 31 
F; data of a cross Rlgd W3 W3Xr Ly DW3 ws. 


R 
PEDIGREE D d D d 
NUMBERS 
Lg lg Lg Ig Ig Ig Ig lg 
15- 2 177| 48 40} 16 
- 3 238} 60 76} 21 
-4 127) 65 48} 
-5 113) 24) 36) 13}27| 7| 9] 8} 29)13] 18) 4] 8| S| 3] 2 
-7 103} 26} 34) 6|11| 3] 26) 5} 13) 4|16] 2] 4] 2 
-18 126} 51) 49} 21 36) 16} 17} 4 
45 | 58 | 13 | 20} 11 |255| 79] 7] 7| 4 
216} 50) 70) 24) 58] 13} 20} 11)55]18| 21) 8}24) 7] 7| 4 
342}101'119} 45 91 | 34] 38)12 
TABLE 32 
F, data from a cross r Pp W3 wsXR py Ws Ws. 
R r 
PEDIGREE Pr pr 
NUMBERS TOTAL 
Ww w 
Ww w Ww w 
13- 3 133 37 46 21 237 
-4 145 45 40 18 248 
-5 160 64 59 20 303 
-10 116 35 32 13 49 18 203 
-16 91 29 35 11 53 25 244 
645 210 67 24 247 102 1295 
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TABLE 33 
F2 data from the cross between stocks 2 and 4. 
Su Su NOT 
ctassi- | | CALCU- 
PEDIGREE Y y+yp | FIED DIFFERENCE 
NUMBERS Ww w 
w 
9 :7 ratios 
332-2 42 25 | 90) 80) 32)14)11} 4] 34) 21 |209/144/154.5 | 10.5 +6.29 
20 22 | 50} 32}14} 5] 4] 89] 67) 68.25 1.25+4.18 
13 9 | 60] 48)14/13| 6] 4] 24/27] 93] 74] 73.0 1.0 +4.32 
Total..... 75 56 |200}160) 60 | 36 | 22] 12 | 88] 74 10.75+8.7 
3: ratios 
332-1 54 17 {146} 34) 35} 3] 47/11 77) 92.75] 15.754+5.63 
42 16 35)30}11] 9] 2) 45/18 |237| 82) 79.75) 2.254+5.22 
-~8 45 13 | 94) 9} 2] 39} 10/211] 72] 70.75 1.25+4.91 
Total..... 141 46 |351/106) 89 | 33 | 7 |131) 39 12.254+9.11 


Homozygous for green 
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TABLE 34 


F; progenies from the cross between stocks 2 and 4. 


PEDIGREE NUMBERS 
Ww w TOTAL CALCULATED DIFFERENCE 


Fi 


I. F; progenies from ears segregating in 9 : 7 ratios 


9:7 ratios 
794-3 332-4 69 50 119 3.65 
-5 96 92 188 82.2 9.8+ 4.59 
-8 16 19 35 15.4 3.6+ 1.98 
796-1 332-12 157 101 258 112.7 11.7+ 5.37 
-3 30 24 54 23.7 3+ 2.46 
-5 197 126 323 141.3 14.3+ 6.01 
565 977 427.4 15.4+10.46 
3 : 1 ratios 
794-2 332- 4 176 71 247 61.8 9.2+ 4.59 
-4 147 43 190 47.5 4.5+ 4.03 
-6 207 80 287 71.7 8.3+ 4.95 
-7 66 12 78 19.5 7.54 2.38 
ae 596 206 802 200.5 5.5+ 8.27 
Homozygous for green 
795-10 332- 2 
796- 4 332-12 
II. F; progenies from ears segregating in 3 : 1 ratios 
3:1 ratios 
797-4 332-7 178 66 244 61.0 5.0+ 4.56 
-5 140 40 180 45.0 $.0+ 3.92 
69 17 86 21:5 4.54 2.71 
Beer 387 123 510 127.5 4.5+ 6.6 
Homozygous for green 
797-1 
-8 
332-7 
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TABLE 35 
F, data from the cross between stocks 6 and 2. 


Fi PEDIGREE Ww TOTAL CALCULATED D CE 
NUMBERS w 
63 : 1 ratios 
814-1 83 2 85 1.33 
-9 113 3 116 1.81 1.19+ .90 
196 201 3.14 1.86+1.19 
15 : 1 ratios 
814-11 82 6 88 £8.33 
-12 98 5 103 6.44 1.44+1.66 
180 11 191 11.94 -944+2.26 
3:1 ratios 
814- 8 125 28 153 38.25 10.25+3.61 
-14 92 27 119 29.75 2.75£3.19 
Toe. 217 55 272 68 .00 13.00+4.82 
Homozygous for green 
814-13 
-15 
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TABLE 36 
F, data from a cross between stocks 8 and 3. 
Ww w TOTAL DIFFERENCE 
9 :7 ratios 
800-— 4 194 110 304 133.0 23.0 +5.83 
-11 141 87 228 99.75 12.75+5.05 
-12 152 97 249 109.0 12.0 +5.28 
45 : 19 ratio 
800- 5 339 | 155 494 146.6 8.4 +6.85 
15: 1 ratio 
800-— 3 183 11 194 12.1 1.1 22.27 
3:1 ratios 
800— 2 233 70 303 75.8 5.8 +5.08 
- 6 286 59 345 86.2 27.2. £5.42 
-7 159 44 203 50.7 6.7 +4.16 
-13 274 | 65 339 84.8 19.8 +5.38 
Homozygous for green 
800- 1 
-8 
-9 
-10 
-15 
-17 
TABLE 37 
Showing the segregation in stock 11. 
PEDIGREE NUMBERS SEEDLINGS 
Offspring Parents w w 
82-10 A1975-— 2 94 14 
337- 2 82-10 60 16 
-7 38 5 
784- 3 337-7 9 1 
-10 7 3 
-11 24 1 
-12 29 3 
-13 62 3 
-16 8 3 
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TABLE 38 
F, data from the cross between stocks 11 and 3. 
Fi TOTAL 
PEDIGREE DIFFERENCE 
NUMBERS Ww w Wi w Ww | w Total 
3:1 ratios. Linkage between y and w 
803-7 86 23 | 13] 18 | 99]| 41 140 35 6.00+3.46 
-9 164 14 | 22] 36 | 186} SO 236 59 9.00+4.49 
250 37 | 35| 54 | 285) 91 376 94 3.0045 .66 
3:1 ratios; no linkage between y and w 
802- 1 36 15 | 11] 4] 47] 19 66 16.50 2.8 £2.37 
803- 3 43 7] 12} 3] 55] 10 65 16.25 6.25+2.35 
-4 10 3 af 2 13 4 17 4.25 .2541.20 
-5 24 2) 3818 45 11.25 -2541.96 
-11 96 23 | 34] 71130} 30| 160 40.00 10.0 +3.69 
-12 71 12} 19] 5] 90] 17 107 26.75 9.75+3.02 
-16 48 mat 22} 3 | 25 95 23.75 1.2542.85 
pe 328 91 | 111} 25 439 | 116 555 138.75 22.75+6.88 
1 ratios ; 
801- 3 125 83) 153 9.2:1 | (Observed ratio) 
802- 2 125 5 | 261 12 1 253%. 17 170 9.0:1 | (Observed ratio) 
803-13 99 4] 19| 9]118] 13] 131 9.07 : 1| (Observed ratio) 
| 349 12 | 60} 33 | 409} 45 454 
9:7 or 2.08 : 1 ratios 
803-10 47 20 15} $5) 35 90 9:7 6.4 +3.17 
2.08 :1 3.8 +3.06 
-17 51 151.7) 104 9:7 7.5 +3.41 
2.08 :1 4.2 +3.3 
-18 91 38 | 14] 22 | 105] 60 165 pd 12.2 +4.3 
2.08 :1 6.4 +4.18 
| 189 89 | 37] 44 | 226 | 133 359 
28.59 : 1 ratio 
803-15 78 | ‘o | 6| 1 | 84] 1 85 2.86 1.86+1.1 
Homozygous for green 
803- 6 
- 8 
-14 
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THE INHERITANCE OF SICKLE-CELL ANAEMIA 
IN MAN? 


W. H. TALIAFERRO anp J. G. HUCK 
The Johns Hopkins University, Baltimore, Maryland: 
Received October 29, 1923 


In a recent paper, one of the authors (Huck 1923) has given an account 
of a comparatively rare disease, so far described only in negroes and 
mulattoes, which is known as sickle-cell anaemia. The two genealogical 
charts which his data contain indicate so clearly that the disease is 
definitely inherited that they seem well worth an analysis. 

Only a few salient features of the disease need to be noted here, since 
a full account of the history, symptomatology, treatment, etc., may be 
found in the paper mentioned above. The peculiar feature of the disease 
is the occurrence of crescentic or sickle-shaped erythrocytes when the blood 
is observed in vitro. This phenomenon is due to some alteration (probably 
taking place in the bone marrow) in the blood cells, and not in the serum, 
because, when normal red blood cells are suspended in serum from a patient 
suffering from sickle-cell anaemia, they are not changed, but when red 
blood cells from such a patient are suspended in normal serum they be- 
come typically sickle-shaped. Stained smears or freshly made wet prep- 
arations generally reveal only a few sickle cells, but wet preparations 
which are allowed to stand for 24 hours show from 25 to 100 percent sickle 
cells according to the severity of the disease. - Symptoms of the disease 
may be absent, mild or severe. Generally, only those patients with severe 
symptoms, such as varying degrees of weakness and anaemia, leg ylcers 
and muscular pains or stiffness, seek medical advice, but examination of 
members of their families often reveal the milder cases. 

The chart in figure 1 shows the extent of the disease in the family of 
John T. of Virginia. Here, the father, John T., with sickle cells, and his 
wife, Annie T., normal, had seven children, of whom five exhibited sickle 
cells, one was normal, and one died of pneumonia before the study began. 
Three of the children with sickle cells married normal persons, and, of their 
children in each case, part were normal and part possessed sickle cells. 

1 From the Department of Medical Zoélogy of the School of Hygiene and Public Health, 
Jouns Hopkins University, and the Biological Division of the Medical Clinic, Jouns Hopkins 


University and Hosprtau. The present note was written by W. H. TALIAFERRO, but is based on 
the original data of J. G. Huck. 
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Ficure 1.—Chart showing the inheritance of sickle cells in the family of John T of Virginia. 
N, normal, and S, sickle cells. 
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The children of the one normal child who also married a normal person 
were all normal. In analyzing this chart it seems best to give what we 
believe to be the correct explanation of the inheritance of sickle cells and 
follow this with a short discussion of the other possibilities which have been 
eliminated. 

Careful examination of the chart in figure 1 reveals the fact that the 
character for sickle cells behaves as a single Mendelian character, which 
is not sex-linked, and which is dominant over the normal condition. 
Furthermore, John T. seems to be heterozygous for the sickle-cell condi- 
tion and his wife homozygous for the normal condition. The following 
diagram shows the results which would be expected under such conditions, 
where S stands for the sickle-cell character and s for the normal char- 
acter. 


Ss SS 


Ss SS 


The fact that of the six F; progeny of John T. and Annie T., which were 
tested, only one was normal, seems a rather poor approximation to the 
expected 1:1 ratio. If, however, John T. is heterozygous, then all of his 
abnormal children must be heterozygous, and we are justified in averaging 
the results obtained from the marriage of John T. and Annie T. with the 
progeny resulting from the marriages of their abnormal children with 


normal mates. In this way we have four crosses of presumably heterozy- 


gous abnormal persons with homozygous normal persons. Resulting from 
these four crosses, there are 23 children as follows: John T. XAnnie T., 5 
abnormal, 1 normal and 1 untested; John N. XSarah N., 3 abnormal and 
4 normal; Eddie T.xCarrie T., 1 abnormal and 3 normal; Willie T. x 
Nellie T., 2 abnormal and 3 normal. In the total of 23 children, there are 
11 abnormal, 11 normal and 1 untested, which gives, among the tested 
children, an exact 1 : 1 ratio. 

Not only are the results charted in figure 1 in accord with the assump- 
tion that sickle-cell anaemia behaves as a single Mendelian character which 
is dominant over the normal condition and is not sex-linked, and that John 
T. is heterozygous for the abnormal condition, but we have found them to 
be incompatible with other possible assumptions. It is unnecessary to 
present all of these, as some of them are obviously unsuitable, but a few 
should be noted. 


| 

| 

} 
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1. In the original cross between John T. and Annie T., the former may 
have been homozygous for the abnormal condition and the one normal 
child may have been illegitimate. If this be true, however, the children 
would all be heterozygous, just as when John T. is assumed to be heterozy- 
gous, and hence the main conclusion that sickle-cell anaemia behaves as a 
single dominant Mendelian character would be unaffected. 

2. It is obviously impossible to consider the character of sickle cells a 
sex-linked dominant, because then the F,; generation would have consisted 
of only abnormal daughters and normal sons. If, on the other hand, the 
character were a sex-linked recessive,” and Annie T. were heterozygous for 


) 


Ficure 2.—Chart showing the inheritance of sickle cells in the family of Charles T. of Mary- 
land. N, normal, and S, sickle cells. 


the sickle-cell condition, we may assume that the expected ratio of an 
equal number of normal and abnormal sons and daughters was not ob- 
tained because of the smallness of the numbers involved. That this ex- 
planation is based on a false assumption, however, is shown by the fact that 
the F; abnormal daughters (who must be homozygous) when mated with 


? This analysis of sex-linked inheritance is based on the assumption that in man the male 
possesses an X Y and the female possesses an XX chromosomal complex, as is indicated by the 


recent work of PAINTER (1923). That this is a correct assumption is also indicated by the behavior 
of the known sex-linked characters in man. 
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normal men should have had only normal daughters and abnormal sons, 
an expectation which is not borne out by the facts. 

3. It may be that the character for sickle cells is a non-sex-linked reces- 
sive and that Annie T. is heterozygous (John T. being necessarily homozy- 
gous), in which case the progeny should consist of an equal number of 
normal and abnormal children. In this case, however, the only way to 
explain the results obtained in the F, generation would be to assume that 
each abnormal child married a person heterozygous for the sickle-cell, 
condition. This assumption seems beside the point when we can fit the 
facts in the case so much more readily as described in our first analysis. 

The chart shown in figure 2, which is taken from the data of GUTHRIE 
and Huck (1923), contains too few individuals to warrant a detailed analy- 
sis. The results are, however, easily explained by assuming, as was done in 
the first case, that the character for sickle cells is a single Mendelian 
dominant which is not sex-linked and that both Charles T.* and Lucy T. 
are heterozygous for sickle cells. It does, therefore, add further evidence 
for the correctness of the conclusions reached in the analysis of the first 
chart. 


SUMMARY 


Sickle-cell anaemia in man is an inherited condition and behaves as a 
single Mendelian character which is dominant over the normal condition 
and which is not sex-linked. 
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3 Although the surnames of the original members of the families shown in the charts in both 
figures 1 and 2 begin with T., their names are different, they come from different states and are 
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Colias (continued) 
eurytheme eriphyle 529 
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Crepis (continued), 
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to X-ray treatment 364 
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Apterous 278 
Arc 420 
Balanced lethal factors 276-300 
Balloon 278, 449 
Bar 395-398, 419, 422, 447, 449, 450 
Beaded 278, 284, 285, 299 
Bifid 395-397, 309, 422, 450 
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Crossing over between star and curly 289 
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Drosophila (continued) 
Curly wing (continued) 
Crossover factors associated with curly 
286-288, 295 
$e percents for backcross at 30°C 
29. 


Curly wing —_ in second linkage group 
276, 283, 286, 2 

Description 278, 279 

Dominance of character 277, 280, 299 

Double crossing over 291, 293, 294 

Effect of the associated crossover genes on 
chromosome I 289-291 

Effect of associated crossover genes on 
chromosome III 291 

Effect of higher temperature on crossing 
over 293, 294, 296 

Evaluation of curly 298, 299 

Genetic constitution 300 

Heterozygosity 280-284 

Induced crossing over 288 

Lethal in homozygous condition 276, 284, 
299 


Linkage tests 283 
Locus of gene for curly 296, 297, 299 
Occasional homozygous survivors 281, 284 
Occurrence of twin hybrids 276, 282 
Probable origin of curly mutation 295 
for curly 278 
Source 277 
Triple crossing over 291, 293, 294 
Venation figures 279 
Viability 277, 287, 298 

Curved 284, 286, 288, 289, 293, 294, 397, 419, 
420, 422, 447, 449, 450 

Cut 278, 283, 290 

Dachs 397, 420, 422, 447, 450 

Dichaete 397, 420, 447, 449 

Differential viability 356, 365 

Dosage of X-ray 357, 359, 366 

Double-crossing over - 356, 357, 365 

Dumpy 284, 286, 297, 2 

Duration of X-ray «beg 363, 366 

Echinus 283, 290 

Effect of age of mother on crossing over 293 

Effect of temperature on crossing over 355 

Effect of X-rays on crossing over 355, 357, 
359, 363 

Effect of X-rays on linkage 355-366 

Effect of X-rays on non-disjunction of sex 
chromosome 355 

Eosin eyed 356-366, 449 

Evidence for effect of X-rays 356, 357, 364, 
366 

Fatal injury due to X-ray treatment 363 

First chromosome 411, 419, 432 

Forked 283, 290, 419, 447, 449 

Sunebris 542 
Precocity of female 542 

Fused 419, 447 

Garnet 283, 290, 419 

Genes of chromosome I 396 

Genes of chromosome II 397, 399 
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Drosophila (continued) 
Genetic constitutions of flies used in X-ray 
experiment 357, 359 
Hairy 283, 291 
Inbreeding in 117, 145 
Increase of crossing over due to high tempera- 
ture 293 
Inheritance of decreased crossing over due 
to X-ray treatment 364, 366 
Jaunty 278 
Lack of crossing over in X chromosome 399 
Lethal factor in larval stages 332 
Long winged 356 
Loss of chromosomes 89 
melanogaster 3, 27, 36, 276, 298, 299, 393, 
420, 449, 542 
Abnormal abdomen 29 
Beaded 29 
Cinnabar 31, 33 
Cross of heterozygous normal and eyeless 
Excess of normals in controls 3, 4 
“High” normal lines 1, 4, 11-26 
“Low” normal lines 1, 4, 5-11, 16, 20, 
22-24, 26 
Plan of experiment opp. 4 
Precautions in study 3, 5 
Ratio in control cross 3, 4 
Crossing over of B, with certain characters 


Culture of 2 dominant mutations 28 
Curves for selection of “high lines’’ 12-16, 
19, 21-23, 25 
Curves for selection of “low lines” 6, 8-11, 
18, 20, 22-24 
Double crossovers between B, and star 31 
Dumpty 33 
Effects of poor cultural conditions 6 
“a of selection upon Mendelian ratio 
-26 
Examination for mutations 28 
Extra veins 29, 30 
Eyeless 3 
Crosses with normal 3 
Lowered viability 3, 4 
Range in grade 3 
Selection for excess of 4, 5, 11, 16-20, 
22-24, 26 
Frequency curve 4 
Gynandromorphs in 102 
Hereditary behavior of 2 dominant muta- 
tions 27-36 
Inbreeding of brother-sister matings 28, 33 
Jaunty 31, 33 
Lethal effects of homozygous B, 30 
Lobed 33 
Methods of study 28 
Multiplied lateral bristles, B, 28, 30, 31, 
33, 35 
A second chromosome character 30 
Crossed with normal 30 
Crossed with star 30 
Good fertility and viability 35 
Heterozygous dominant 30, 35 


Drosphila (continued) 
melanogaster (continued) 
Multiplied lateral bristles (continued) 


Cross of heterozygous normal and 


eyeless (continued) 
Lethal effect when homozygous 30, 35 
Linkage with star 30, 31, 33 
Locus 31, 33, 35 
Other crosses 33 
Rate of mutation 35 
Notch, a sex linked dominant 28, 29 
Notch, 29-32 
A second chromosome character 30 
A somatic and germinal mutation 29, 
30, 32, 35 
Affected by cultural conditions 29 
Bilateral notches 29, 30 
Crossed with normal 29, 31 
Dominant character 29, 35 
Occurrence in heterozygous form 29, 35 
Recognizable only in 1st 2 days of hatch- 
ing 35 
Tested with star-dichaete 30, 31 
Unilateral notches 29, 30 
Offsetting selective mortality 5 
Precocity of female 542 
Selective mortality 1, 5 
Sex-linked factors 28 
Sex ratio 34 
Used as control 34 
Variation in flies hatched per bottle 4, 5 
Wild type (Plus) 33 
Miniature 355, 356, 395, 396-398, 419, 422, 
447, 450 
Morula 420, 447 
Mutations 356 
Non-disjunction in 89, 355, 356 
Notation 143 
Partial sterility induced by X-ray treatment 


Peach 283, 291 

Percent of crossing over in X-rayed flies 
361, 362 

Plexus 284, 286, 288, 289, 294 

Purple 284, 286, 288, 289, 293, 294, 296, 297, 
397, 420, 422, 447, 450 

Recording X-ray dose 356 

Rough 420, 447, 449 

Roughoid 283, 291 

Rudimentary 395, 396, 398, 422, 447, 450 

Sable 395, 396, 398, 399, 419, 422, 450 

Safranin 297 

Scarlet 283, 291 

Scute 283, 290 

Second chromosome 397, 419, 420 

Semi-lethals 281 

Sepia 420, 447, 449 

Sex chromosomes 255 

Sex linkage 356 

Sooty 283, 291, 420, 447 

Speck 284, 286, 288, 289, 294, 397, 419, 420, 
422, 447, 450 

Spineless 283, 291, 420 
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Drosophila (continued) 
Star 281, 289, 294-297, 397, 419-422, 447, 
50 


Sterility of vestigial flies 277, 282 
Streak 397, 422, 450 
Suggestion of a sterile vestigial allelomorph 
Susceptibility to X-rays 365 
Technique in use of X-rays 357 
Third chromosome 420 
Time of X-ray treatment 359 
Truncate 278, 299 
Vermilion 283, 290, 395-399, 419, 422, 447, 
449, 450 
Vestigial 295-297, 397, 420, 447 
Vestigial allelomorph linked to a lethal 282, 
284, 285, 295, 296 
virilis 420, 449 
White 355, 395-399, 419, 421, 422, 447, 450 
X chromosome 395, 399 
Yellow 395-399, 419, 421, 447, 449, 450 
Dual nature of graf ted trees 458 
Duplicate factors 
In soybeans 107-109 
Where there is 106-115 
DurrELt, L. W. 315 
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Factor for bitterness in sweet almond 390, 391 
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Factor for purple aleurone in maize 568 
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Fruit trees, variation in yield of 179 
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